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ABSTRACT OF THE DISSERTATION
THE PERFORMANCE AND SERVICE LIFE PREDICTION OF HIGH
PERFORMANCE CONCRETE IN SULFATE AND ACIDIC ENVIRONMENTS
by
Shuo Zhang
Florida International University, 2015
Miami, Florida
Professor Atorod Azizinamini, Major Professor
Concrete substructures are often subjected to environmental deterioration, such as
sulfate and acid attack, which leads to severe damage and causes structure degradation or
even failure. In order to improve the durability of concrete, the High Performance
Concrete (HPC) has become widely used by partially replacing cement with pozzolanic
materials. However, HPC degradation mechanisms in sulfate and acidic environments are
not completely understood. It is therefore important to evaluate the performance of the
HPC in such conditions and predict concrete service life by establishing degradation
models.
This study began with a review of available environmental data in the State of
Florida. A total of seven bridges have been inspected. Concrete cores were taken from
these bridge piles and were subjected for microstructural analysis using Scanning
Electron Microscope (SEM). Ettringite is found to be the products of sulfate attack in
sulfate and acidic condition.
In order to quantitatively analyze concrete deterioration level, an image
processing program is designed using Matlab to obtain quantitative data. Crack
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percentage (A crack /A surface ) is used to evaluate concrete deterioration. Thereafter,
correlation analysis was performed to find the correlation between five related variables
and concrete deterioration. Environmental sulfate concentration and bridge age were
found to be positively correlated, while environmental pH level was found to be
negatively correlated.
Besides environmental conditions, concrete property factor was also included in
the equation. It was derived from laboratory testing data. Experimental tests were carried
out implementing accelerated expansion test under controlled environment. Specimens of
eight different mix designs were prepared. The effect of pozzolanic replacement rate was
taken into consideration in the empirical equation. And the empirical equation was
validated with existing bridges.
Results show that the proposed equations compared well with field test results
with a maximum deviation of ± 20%. Two examples showing how to use the proposed
equations are provided to guide the practical implementation. In conclusion, the proposed
approach of relating microcracks to deterioration is a better method than existing
diffusion and sorption models since sulfate attack cause cracking in concrete. Imaging
technique provided in this study can also be used to quantitatively analyze concrete
samples.
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CHAPTER I
INTRODUCTION
1.1 General
High performance concrete (HPC) has multiple definitions. Mehta and Aietcin
suggested the term HPC for concrete mixtures that possess the following three properties:
high workability, high strength, and high durability.
The Strategic Highway Research Program (SHRP) in the United States defined
HPC for highway structures by three requirements, namely a maximum w/cm, a
minimum durability factor to cycles of freezing and thawing (ASTM C 666, Method A),
and a minimum early-age or ultimate compressive strength.
HPC mixtures are essentially composed of the same materials as conventional
concrete mixtures. But the proportions are designed or engineered to provide the strength
and durability needed for the structural and environmental requirements of the project.
HPC is being extensively used now for the fabrication of precast pylons, piers, and
girders of many long span bridges in the world.
Acid and sulfate are chemicals that could cause severe damage to concrete
structures. They broadly present in environments nationally. Based on the current
classification that stated by Florida Department of Transportation (FDOT), environmental
conditions are classified using the terms negligible, moderate, severe, and very severe.
However, questions have been raised of the combination attack of both acid and sulfate,
which is whether or not current environmental classification still valid when more than
one hazardous chemicals appear in the environment.
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The FDOT has provided comprehensive guidelines and specifications on HPC
mixtures that account for the environmental impact. These guidelines are designed to
ensure a minimum 75-year service life of the design of reinforced concrete structures.
However, the prediction of concrete service life has been done usually using chloride
diffusion models that developed based on Portland cement concrete instead of HPC.
Since the HPC has different composition compare to Portland cement concrete, the
degradation process may be governed by other mitigation methods other than chloride
diffusion.
This research mainly focuses on the performance of HPC in sulfate and acidic
environments. Finite Element Method (FEM) is used in modeling concrete degradation
process and concrete service life is predicted using this model with data supported from
field inspection and laboratory experiments.

1.2 Research Need
The fundamental theory for improving the durability performance of concrete,
particularly the increase in chemical resistance, is by lowering its permeability. The
addition of pozzolanic and other cementitious materials as well as lowering the w/cm
ratio can significantly reduce permeability but cannot totally eliminate the diffusion
process of chemical attack in concrete. Thus, in addition to the use of HPC, specifications
on concrete cover are provided to prevent corrosion of the steel reinforcement based on
environmental classification and are designed to provide a minimum 75-year design
service life of reinforced concrete structures.
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The specifications are based on years of research and implementation but with an
emphasis on coastal environment where chloride and sulfate are the two dominating
compounds that deteriorate concrete. Less known, however, are other environmental
conditions that also exist, particularly the exposure to both low pH and moderate sulfate
environment. Based on the current FDOT classification, bridges exposed to both low pH
and sulfate environment would be in the moderately aggressive environmental
classification range because the pH is above 5.0 and the sulfate content is below 1500
ppm. It should be noted that despite the current specification describing low pH as a level
below 5.0, concrete does suffer from deterioration when the pH level is below 6.5 [Mehta
and Monteiro, 2006; Mindes et al, 2003].
The problem with the exposure to both low pH and moderate sulfate environment
is their failure mechanism is not well established. It is possible that the combination of
low pH and sulfate could potential lead to significant deterioration of the concrete
structures. Therefore, there is a need to investigate the impact on HPC in low pH and
moderate sulfate environment.
Besides this particular environment, sulfate transport mechanism is not clear
under such condition. Chloride diffusion model is widely adopted in calculation of
concrete service life. But as well as concrete cover specification, it mostly concentrates
on coastal environment. Therefore, there is a need to further explore sulfate transport
mechanism in low pH and sulfate environment. A new concrete service life model should
be made based on sulfate migration instead of chloride diffusion only.
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1.3 Objectives and Scope
To better fulfill the goal of this research, which is to evaluate HPC performance in
sulfate and acidic environments, establish sulfate transport model, and predict concrete
service life, objectives of this research are listed below.
1. Determine the potential risk of significant deterioration of HPC in low pH
and sulfate environments.
2. Identify the concentration of sulfate and pH for deterioration of HPC to
occur.
3. Evaluate degradation degree of in-situ concrete bridge piles.
4. Evaluate sulfate resistance of HPC with different cementitious materials.
5. Establish sulfate migration model.
6. Evaluate time scale of HPC degradation.

1.4 Organization of Dissertations
The current dissertation is written in the format of ‘Thesis Containing Journal
Papers.’ The dissertation contains four (4) manuscripts, out of which, one under review,
one submitted, and two will be submitted to scholarly journals. In addition, a general
introduction chapter appears at the beginning and a general conclusion chapter appears at
the end of dissertation.
The first paper, under review of Transportation Research Board, presents
inspection results of piles of seven bridges using micro-structural analysis method. This
study is conducted to learn the sulfate-induced deterioration of in-situ concrete piles and
their resistivity to sulfate and acidic environmental conditions. It is observed that the
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deterioration of concrete piles under acidic sulfate combination attack exceeds
expectation. Sulfate penetration is revealed to be much severe in such conditions that
with the existing of comparative low pH (lower than 7.0) and moderate sulfate contents
(over 150 ppm). Ettringite is found to be the production of sulfate attack in such
condition. It is concluded from this study that acidic sulfate attack will result of extensive
internal cracks to in-situ concrete bridge piles.
The second paper, submitted to Construction and Building Materials, presents the
results of an experimental investigation carried out to evaluate sulfate resistance
properties of concrete mixtures with pozzolanic materials. A total of 15 mixtures with
different mix designs were prepared. Accelerated sulfate resistance test and modulus of
rupture test were carried out. The degree of sulfate attack was evaluated using expansion
tests and loss of strength. Compression test results indicate that even under the same
sulfate concentration, magnesium sulfate is more aggressive than sodium sulfate.
Moreover, regardless the type of sulfate, the addition of pozzolanic materials signiﬁcantly
increased the resistance to sulfate attack.
The third paper, to be submitted to Cement and Concrete Composite, presents the
approach of computational modeling sulfate absorption based model using Richards
Equation and it’s validated with other scholars’ data and experimental data. From these
computations, it was concluded that under acidic condition, sulfate penetration could be
described using absorption based model. Durability concerns have been focused on the
modeling of external sulfate attack. A literature review has exposed the different aspects
trying to explain the mechanisms underlying this complex phenomenon. A model has
been developed based on a finite element method by implying absorption-reaction
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equation. After extrapolation of the short-term to the long term case, the output of the
model is validated by comparing it to experimental results.
The fourth paper, presents the empirical model developed using field exploration
data and laboratory data to predict the development of concrete cracks. An image
processing program is designed using Matlab to process the Scanning Electron
Microscope (SEM) images and obtain crack percentage (A crack /A surface ). Correlation
analysis were implemented between related variable(s) and concrete deterioration.
Environmental sulfate concentration, bridge age, environmental pH level and concrete
properties were found to be related with the development of concrete cracks. The
empirical equations were concluded and validated with field bridges testing data. In
conclusion, the proposed approach of relating microcracks to deterioration is a better
method than existing diffusion and sorption models since sulfate attack cause cracking in
concrete. Imaging technique provided in this study can also be used to quantitatively
analyze concrete samples.
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2.1 Abstract
This paper presents test results of seven bridge piles using micro-structural
analysis method. This study is conducted to learn the sulfate-induced deterioration of insitu concrete piles and their resistivity to sulfate and acidic environmental conditions. The
testing program addressed concrete deterioration due to sulfate penetration and expansion.
Scanning Electron Microscope (SEM) with energy-dispersive X-ray spectroscopy (EDS)
is used to characterize micro-crack development and chemical composition. It is observed
that the deterioration of concrete piles under acidic sulfate combination attack exceed
previous expectation. Sulfate penetration is revealed to be much severe in such conditions
that with both existing of comparative low pH (lower than 7.0) and moderate sulfate
contents (over 150 ppm). Ettringite is found to be the production of sulfate attack at such
condition. Micro-cracks were evaluated using 100 times magnification SEM images.
Cracks are found to be connected through formed ettringite particles and
aggregate/cement interface. Maximum crack width is found to be 7.35 µm at depth of 3.5
inch from surface of bridge #720476 that constructed in acidic sulfate environment (pH
6.5, sulfate 860 ppm) in 1984. Comparatively, bridge under severe acid attack (bridge
#290045, pH 4.2, built in 1977), although endures severe surface scaling, concrete
internal cracks are revealed to be less than 2.69 µm. It is concluded from this study that
acidic sulfate attack will result of extensive internal cracks to in-situ concrete bridge
piles.

Keywords: Concrete, Sulfate Attack, Acid Attack, Precast Piles, Scanning Electron
Microscopic, Energy-Dispersive X-Ray Spectroscopy, Microstructures, Cracks
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2.2 Introduction
The most common type of deep foundation is pilling. Piles used for modern
bridge construction may be made of concrete, steel, or timber. For corrosive
environments, special protection should be considered for the use of steel piles exposed
to water in extremely aggressive environments. To achieve a 100-year design life, the
steel piles require coating, increasing steel thickness and filling concrete and rebar for
pipe piles. This results in additional costs to protect the pile in corrosive environments
that are not present when using concrete piles. Thus, for most of Florida bridges, Precast
Prestressed Concrete Piles (PPCP) is the most widely accepted bridge foundation type.
Florida Department of Transportation (FDOT) Design Standards as well as
FDOT’s Structures Desgin Guidelines provide comprehensive regulations and guidelines
for the use of such concrete piles. The required concrete cover for such piles is 3-inch in
order to protect steel rebar. Especially, for substructures facing extremely aggressive
environments, the minimum required size for prestressed concrete pile is 24-inch. It is
believed that 75-year design life could be achieved by following these guidelines.
However, for field bridges, it is unclear if 3-inch concrete cover is sufficient to protect
steel rebar or if design service life could be reached based on current deterioration
process. Much less researches focus on inspection of in-situ bridge piles than
experimental approaches.
One major reason that causes concrete deterioration is sulfate attack. Sulfate
attack could result of the formation of gypsum or ettringite and further more crack
development. Internal sulfate attack can be reduced by carefully select cement and
aggregate. In this research, external sulfate attack is studied as influenced by the factors
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of environmental sulfate concentration, pH level, concrete internal cracks, wet and dry
cycles and so on.
Several researchers have raised criticism of current sulfate attack test method. The
effort acid attack is generally ignored. As a matter of fact, the ASTM describes two test
methods for accessing hydraulic cement sulfate resistance in sulfate environments
(ASTM C452 and ASTM C1012). But neither of them seems to predict field concrete
performance adequately. It is the field in deeply need to be studied that in acid- and
sulfate- rich environment, how does field concrete perform to resist both acid and sulfate
attack, even though concrete design philosophy did not concern the effect of acid nor able
to predict long-term concrete performance.
Surface scaling and spalling, weight loss and expansion are also important
phenomenon of acid and sulfate attack. They can be used for quantitative analysis.
However, for bridges that have been in service for years, most of these quantitative
analysis methods don’t perform well since there is no “original” data to use. Scanning
Electron Microscopy (SEM) has distinct advantages for use of characterization of cement
and aggregate microstructures. Quantitative information can be acquired from these data
and therefore could be used for analysis of sulfate penetration and evaluation of concrete
deterioration.
Extensive preliminary research has been done before selecting inspected bridges.
Florida’s environmental condition is summarized in FDOT’s Bridge Environmental Data,
which including nearly 7000 bridges’ environmental information. By reviewing this data
sheet as well as United States Geological Survey (USGS) database, seven (7) bridges
were selected. The inspected concrete information is summarized (Table 2-1). It is to be
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noted that seasonal variations, tidal conditions and recent rainfall conditions may cause
the difference between measured value and FDOT record.

2009

7.60
(7.03)

5.4

55

1074

290045 Columbia 1977

4.35
(4.23)

4.2

-*

130

490030

Franklin

1986

7.61
(6.85)

5.9

1417

552

580017

Santa
Rosa

1971

7.12
(7.02)

5.6

18

4

720476

Duval

1984

7.53
(7.42)

6.4

860

800

170067

Sarasota

7.47
6.3
750
(7.39)
7.26
780088 St. Johns 1982
6.3
8
(6.81)
Note: *Sulfate content is too low to be measured.
740033

Nassau

1992

280
220

STRUCTURE
NAME/CROS
SED

FDOT
RECORDED
SULFATE
PPM

FDOT
RECORDED
PH
FIELD
SULFATE
PPM

FIELD PH
(MIN.)

YEAR BUILT

COUNTY

BRIDGE NO.

Table 2-1 List of inspected field bridges

SR-72 /
MYAKKA
RIVER
OVERFLOW
CR-250/
FALLING
CREEK
US98 SR-30/
TURKEY
BAYOU
SR-87/EAST
BAY RIVER
I-295 (SR-9A)
NB/TERRAPIN
CREEK
I-95 SB (SR-9)/
TIDE CREEK
I-95 (SR-9)/
CANAL CREEK

2.3 Description of Tests
2.3.1

General
A field exploration program was performed which consisted of environmental

condition tests, collect of concrete samples in order to understand field environmental
conditions and concrete deterioration level. Laboratory testing program was conducted by
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preparing samples, analyzing chemical composition using SEM with EDS. Concrete
deterioration level is concluded from visual inspection and micro-crack analysis. Sulfate
penetration is determined by measuring sulfur atoms contents in cement particles.
2.3.2

Environmental Condition Tests
Environmental condition test was performed on water samples obtained from

water body near inspected bridges. The testing performed included pH and sulfate
content. Testing of sulfate content was performed in accordance with the Florida Method
of Test for Sulfate in Soil and Water (FM 5-553). Sulfate reagent system - Sulfate, Pocket
Colorimeter II Test Kit of Hach Company was used to test sulfate concentration. Testing
of pH was conducted in accordance with the Florida Method of Test for pH of Soil and
Water (FM 5-550). The pH meter and electrode system – Portable pH Test Kit Model
5050T of Hach Company was used for this purpose. Water samples were collected from
three (3) locations for each inspected bridges, which are upstream, downstream and near
concrete piles. The collected samples were placed in air-tight container and transported to
lab for sulfate content test.
2.3.3

Concrete Core Samples
Concrete core samples were taken on selected concrete piles. Totally at least four

(4) 2-inch diameter core samples were collected from each inspected bridge piles,
specifically, two (2) samples were taken above the highest watermark and two (2)
samples below watermark (Figure 2.1) Core samples were drilled as deep as possible
from existing surface of concrete piles to reinforced steel, which usually has a length of 2
to 4 inch (Figure 2.1). Drilled hole was then patched with cement paste after sampling to
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prevent excessive corrosion due to inspection. Core samples were washed using fresh
water and kept in air-tight container and transported to lab for further investigation.

FIGURE 2.1. Drilling locations of core samples (a) and 2-in. diameter core samples (b).
2.3.4

Sample Preparation
Concrete core samples collected from inspected bridge piles were firstly visually

inspected. Thereafter, these core samples were sliced using concrete saw at depth of
every half inch from surface. The concrete slides were then washed using tapped water
(sulfate content was tested of less than 10 ppm), dried and stored separately in air-tight
container to prevent cross-contamination.
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2.3.5

Microstructural Analysis
After the concrete samples were prepared, JEOL JSM 5900LV Scanning electron

microscope (SEM) was used to inspect deteriorated concrete microstructure. Concrete
microstructure images were acquired at a magnification of x100 using Secondary
Electron Imaging, which results from secondary electrons that could produce near surface
topographies. Cement, aggregates and micro cracks could be easily distinguished by their
colors and shapes in a backscattered electron (BSE) image at magnification of x100
(Figure 2.2).

FIGURE 2.2. Typical backscattered electron image.
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2.3.6

X-Ray Microanalysis
X-radiation is produced when specimen is bombarded by high-energy electrons.

With the help of an energy-dispersive detector with wavelength detector, energydispersive X-ray spectroscopy (EDS) is displayed as the number of counts at each energy
intervals. The positions of the peak positions are characteristic of certain elements. Mass
concentration quantitative analysis can be determined using this technology with
sufficient accuracy.
As stated in previous section, particles at flocculent shaped cracks are examined
using EDS analysis method and found to be ettringite particles with sufficient proof. EDS
images clearly showed the significant difference of sulfur atom between formed ettringite
particles and nearby cement. The sulfate ion (SO 4 2-) consists of a central sulfur atom (S)
surrounded by four equivalent oxygen atoms (O), in which sulfur atom percentage is 20%.
Hydraulic cement consists of four main components, which are Belite (CaO·SiO 2 ), Alite
(CaO·SiO 2 ), Celite (CaO·Al 2 O 3 ) and Brownmillerite (CaO·Al 2 O 3 ·Fe 2 O 3 ). Theoretically,
non-contaminated cement particles should contain no sulfur atoms. Reaction between
sulfate ions and cement particles results of Ettringite ((CaO) 6 (Al 2 O 3 )(SO 3 ) 3 ·32H 2 O) and
Gypsum (CaSO 4 ·2H 2 O) depends on aluminate content as wells as pH level.
EDS spectrum of ettringite and nearby cement paste show a great difference
(Figure 2.3). It could be observed that the aluminum and sulfur contents in the area with
ettringite were higher when comparing to the area containing only cement paste. The
spectrum results were then mapped on the sliced core SEM image (Figure 24) which
illustrates EDS mapping 100 times magnification. At this magnification, it is easy to
distinguish ettringite, cement, and aggregates by color. The EDS mapping was also
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compared to the SEM images to validate the ettringite’s faveolate formation. The EDS
spectrum or more specifically the percentage of sulfur atom was also used to identify the
level of sulfate attack in the concrete by analyzing the amount at different depths of the
cored specimens.
As discussed earlier, the percentage of sulfur atoms was used to identify sulfate
penetration level. However, sulfur was not evenly distributed within cement (Figure 2.4).
Thus, to obtain accurate results and avoid the influence of aggregate, two SEM images
were taken for each slice in this study. For each SEM image, 5 separated measurements
were taken to ensure only hydraulic cement was covered in the measured area. The
average value was taken for these 10 measurements to reduce artificial error. The average
values of sulfur content at different depths were then plotted for evaluation of the sulfate
penetration.
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Ettringite
(CaO) (Al O )(SO ) ·32H O
6

2

3

3 3

2

(a)

Cement
(C S C S C A)
3

2

3

(b)

FIGURE 2.3. EDS spectrum of (a) ettringite and (b) nearby cement paste.
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FIGURE 2.4. EDS mapping of ettringite particles within concrete.

2.4 Results and Discussion
2.4.1

Visual Observations
Among seven (7) inspected bridges, two (2) were found steel corrosion within

concrete piles. No deterministic correlation has been found between surface scaling and
steel corrosion.
For those bridges that appeared to have the most extensive scaling, which are
bridge #290045 (built in 1977, min. pH 4.23, sulfate 0-130 ppm) and bridge #780088
(built in 1982, min. pH 6.3, sulfate 8-220 ppm), acid is likely to be the most critical factor
that cause concrete deterioration. The surface condition of these two bridges appeared to
be in bad shape (Figure 2.5). In such environmental condition, concrete cover have
played an effectively role in protecting steel rebar. 10 inspection points have been drilled
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and checked for these two bridges and transported to laboratory for microstructure
analysis. It is shown that even with severe scaling on concrete surface, no obvious cracks
nor internal structure damages is observed (Figure 2.5). In structural design aspect,
concrete that acting as protective layer is not considered to have contribution to bearing
capacity. It means that in the condition like these two bridges, as long as internal
structure and steel rebar remains protected, concrete foundation should still have
sufficient functions. However, based on FDOT’s Florida Bridge Information, these two
bridges were given health index of 45.38 and 53.05 out of 100, respectively. Without
concrete core samples inspection, surface scaling conditions could be misleading.
Internal corrosion was found at two (2) bridges, which are bridge #720476 (built
in 1984, min. pH 6.4, sulfate 800-860 ppm) and bridge #740033 (built in 1992, min. pH
6.3, sulfate 280-750 ppm). The point of corrosion was found at the end of concrete core
samples (Figure 2.6). Concrete internal images (Figure 2.6) present the revealed steel
sections. As mentioned above that even steel corrosion is found on these two bridges,
their surface scaling is not comparable to bridge #290045 and #780088. Concrete surface
mainly remains integrity (Figure 2.7). Although there is indeed some cement and
aggregate scaled off, original surface could still be seen from the images. Bridge #720476
is rated 84.76 and bridge #740033 80.34 for health index. Corrosion bleeding has
initiated extensive cracking around steel rebar. It is believed from concrete core samples
that these two bridges will last much shorter than the previous two bridges.
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FIGURE 2.5. surface scaling and concrete core samples conditions of (a and c) Bridge
#290045 and (b and d) Bridge #780088.
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FIGURE 2.6. Steel corrosion revealed from (a) Bridge #720476 and (b) Bridge #740033.
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FIGURE 2.7. Concrete core samples condition of Bridge #290045 (a) and #780088 (b).

2.4.2

X-Ray Microanalysis
X-Ray diffusivity spectrum is acquired and sulfur atom percentage is calculated

using the procedure described previously. The amount of sulfate penetrated into concrete
cover in unit of atom percentage is illustrated (Figures 2.8 and 2.9). Average values with
standard deviation are shown in figures.
It can be seen that for 3 bridges, #290045, #580017, and #780088 (Figure 2.8),
sulfur penetration amount decreases as depth increases. This is expected as these samples
were less likely affect by sulfate attack but rather by acid attack. It is confirmed that the
surface scaling, although looks severe, would not necessarily lead to inner corrosion nor
structural failure.
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For those bridges that mentioned above, all locate in low pH environment. The
highest recorded sulfate content is 220 ppm. It can be considered as acid attack only. In
such condition (pH less than 7, sulfate content less than 220 ppm), no significant sulfate
attack nor critical damage was found using X-Ray microanalysis at the depth of 3-inch.
The rest of inspected bridges (#490030, #720476, #170067, and #740033)are
different from the other bridges (Figure 2.9). Sulfate content is found not necessarily
decreasing in this situation. Including bridges that were found rusting, all four bridges
locate in relatively low pH (min. pH, 5.4 to 6.4) and high sulfate content (sulfate content
range, 280 to 1417 ppm) environments. Regardless bridge condition and field inspection
results, according to FDOT’s Environmental Classification, this pH level and sulfate
content range can be only classified as moderately aggressive environments. However, 50%
of inspected bridges were found rusting and internal sulfate content is shown as much as
10% to 70% higher than the other bridges at the depth of 3 inch from surface.
Comparing with visual observation results, it can be seen that for bridge locates in
such environments, surface condition is not quite representative of concrete deterioration
condition. It is found out from X-Ray microanalysis that it is possible for sulfate to
penetrate through cracks to accumulate inside concrete and may result of extensive
internal cracks.
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FIGURE 2.8. Sulfate distribution within concrete of (a) Bridge #290045, (b)
Bridge #580017, and (c) Bridge #780088.
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FIGURE 2.9. Sulfate distribution within concrete of (a) Bridge #490030, (b) Bridge
#720476, (c) Bridge #170067, and (d) Bridge #740033.

2.4.3

SEM Image Analysis
Microstructure images developed from SEM at magnification of x100 have a

resolution of 1280 x 960, for which 1 pixel stands for 1 µm. SEM images from four
representative bridges of two types of environments that discussed above are summarized
at the end of this section. For each bridge, SEM images from 3 different depths to surface
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were taken. Maximum crack width was measured using image processing software and
noted in the chart.
Cracks are found to be developed and connected through aggregate interface and
sulfate attack production. It is shown in those images that for bridges locate in pH attack
only environment, concrete internal cracks are much less and tinier than bridges in pH
and sulfate combined environment. Also it can be seen that for first type of bridges
(bridge #290045 and #780088), concrete cracks are mostly developing near surface. In
more inside positions, cracks are rare and even hardly to be seen (Figure 2.10). For the
second type of bridges (bridge #490030 and #720476), surprisingly, internal cracks are
severely developed at even depth of 3.5 inch, which already exceed the depth of concrete
cover (Figure 2.11).
It is found that the existence of sulfate and crack development is reciprocal
causation to each other. The sulfate content of each layer, regardless of year built,
environmental sulfate concentration, concrete type, and so on, positively correlated with
crack width. The relation between them is summarized and illustrated (Figure 2.12).
It is known that sulfate accumulation will result of more expansive product,
therefore result of expansion and cracks. It is the foundation philosophy of most of
sulfate attack experimental method. However, if the development of cracks will result of
further sulfate penetration is still not clear. From the results of this study, the relation
between internal sulfate content and concrete internal crack width is roughly drawn.
Concrete internal crack width is limited to certain size due to the restriction of
surrounding materials. It is less possible that internal crack will develop unrestrictedly.
Meanwhile, sulfate content unlikely range by 100 times different. Therefore, logarithm

28

curve fitting is tried on these data. Logarithm sulfur atom percentage versus liner crack
width is found to be the best curve fitting.
The relation of sulfate content and concrete internal crack width is calculated as
Wc = 5.16 + 6.44 log(CS ) R = 0.74

(1)

Where, Wc stands for concrete internal crack width in unit of µm; Cs stands for
sulfate contents in unit of atom percentage (%).
Due to the difference concrete performance in acid only environment (sulfate
concentration is less than 150 ppm, pH less than 7.0) and acid/sulfate combined
environment (sulfate concentration is more than 150 ppm, pH less than 7.0), it is found
that curve fitting two conditions separately is more accurately.
For bridges locate in comparatively low sulfate environment (sulfate
concentration is less than 150 ppm)
Wc = 2.94 + 2.57 log(CS ) 𝑅𝑅 = 0.83

(2)

For bridges locate in comparatively high sulfate environment (sulfate
concentration is less than 150 ppm)
Wc = 6.62 + 9.82 log(CS ) 𝑅𝑅 = 0.91
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(3)

FIGURE 2.10. Internal cracks SEM images of bridge # 290045 (a, b, c) and bridge #
780088 (d, e, f).

FIGURE 2.11. Internal cracks SEM images of bridge # 490030 (a, b, c) and bridge #
720476 (d, e, f).
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FIGURE 2.12. Relation of crack width versus sulfur atom percentage.

2.5 Conclusions
Scanning Electron Microscopic technology is applied for in-situ concrete bridge
piles inspection, as well as energy-dispersive X-ray spectroscopy. It is found that the
application of this technology enhances our ability to characterize cement and concrete
microstructure. It helps evaluating concrete bridge piles durability capacity, sulfateinduced concrete deterioration. Quantitative evaluation can be acquired by simplified
method with sufficient accuracy.
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The combined acid and sulfate attack will result of extensive internal cracks, even
in environments with as low as 150 ppm sulfate content. 50% bridges under such
condition were found steel corrosion during field inspection. This phenomenon has drawn
special attention to researcher and further experiential study of concrete deterioration is
conducted and will be published in a separate paper.
Concrete crack width is found to be positive related with inner sulfur contents. It
is also revealed that the formation of ettringite is one of the main reasons of internal
cracks formation. From SEM images, cracks are found to be connected at ettringite
particles, along cement/aggregate interface.
Connected microcrack may cause secondary penetration of external sulfate ions,
which could explain that some of inspected bridges suffer extensive internal high sulfate
content, while outside parts have relatively lower sulfate content. This will jeopardize the
concept that concrete serves as protection cover for steel rebar in extreme aggressive
environments.
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3.1 Abstract
This paper presents the results of an experimental investigation carried out to
evaluate sulfate resistance properties of concrete mixtures in which ﬂy ash, slag,
metakaolin and silica fume were used to partially replace cement. A total of 15 mixtures
with different mix designs were prepared. Accelerated sulfate resistance test and modulus
of rupture test were carried out. The degree of sulfate attack was evaluated using
expansion tests and loss of strength. Compression test results indicate that even under the
same sulfate concentration, magnesium sulfate is more aggressive than sodium sulfate.
Moreover, regardless the type of sulfate, the addition of pozzolanic materials signiﬁcantly
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increased the resistance to sulfate attack. Among all tested pozzolanic materials, silica
fume and slag cement exhibit the highest sulfate resistance.
KEY WORDS: Concrete; external sulfate attack; acid attack; accelerated test; expansion

3.2 Introduction
Sulfate attack is a highly complex phenomenon and in some cases not completely
understood. All sulfate attack mechanisms are treated as physicochemical processes that
lead to certain physicochemical consequences, such as changes in porosity and
permeability, volumetric stability, compressive and flexural strengths, modulus of
elasticity, and hardness. All these physicochemical consequences ultimately will result in
loss of durability and shortening of service life.
The general governing phenomena for the transfer of sulfate through concrete is
modeled by means of conservation-type equations involving diffusion, convection,
chemical reaction, and sorption. Pommersheim et al. assume that the process is controlled
by reaction rather than diffusion, based on an empirical linear equation that links the
depth of deterioration at a given time to the C3A content and the concentration of sulfate
in the original solution. Samson et al. used ion diffusion model to explain sulfate
transport in concrete. Ferraris et al. state that penetration of the sulfate ions into the
specimen, either by absorption or by diffusion depending on the saturation level of the
specimen.
Currently, ASTM provides two accelerated test method in order to evaluate
concrete sulfate resistance, namely ASTM C452 and ASTM C1012. Even these methods
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being given, many researches have expressed concerns and critics regarding different
aspects. The critics mostly focus on not being representative of field condition, specimen
sizes and geometry, not considering acid condition, and process being too protract etc. To
address these concerns, the accelerated test method developed by Ferraris et al. (2006)
was adopted in this study. In 2000, Monteiro et al. proposed a well-designed system that
can condition the experiment condition at certain sulfate content and pH level. However,
by only exposing to the same concentration provided by the ASTM C1012, the
experiment process is still too protracted to apply. Ferraris et al. (2006) modified this
system by using increased sulfate concentration and reduced specimens’ size. The sulfate
concentration proposed by Ferraris et al. (2006) is 50,000 ppm. Two types of sulfate
solution were used in this study: 1) sodium sulfate and 2) magnesium sulfate. The effect
of acid, unfortunately, was not studied by them.

3.3 Laboratory Studies
3.3.1

Cement binders and concrete mixes
Concrete mixes were prepared using Type II Portland cement mixed with

cementitious materials, such as fly ash, slag, silica fume, and metakaolin. Totally 15
different mixes were evaluated for their performance in acid and sulfate environments.
These mixtures were based on concrete exposed to moderately to extremely aggressive
environment. Class IV concrete, which is typically used for the substructure, was used to
develop the mixture proportions. As such, the maximum water-to-cementitious materials
(w/cm) ratio was limited to 0.41 for mixtures containing fly ash or slag cement and 0.35
for mixture containing silica fume or metakaolin. It should also be noted that the fly ash
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used in this study was Class F as it is more readily available in Florida. Type II Portland
Cement was also used for all mixture to conform to FDOT specification no. 346. The
pozzolans and slag cement were used to replace cement by weight and their replacement
percentages were based on FDOT limitations. These mixes are summarized in Table 3-1.

Table 3-1 Cement binders mixes, w/cm ratio, and concrete mixes

FA-1
FLY ASH
10%
0.41 340
746
1744 978
FAFLY ASH
18%
0.41 340
680
1744 961
2*
FA-3
FLY ASH
25%
0.41
FAFLY ASH
35%
0.41 340
539
1744 923
4*
FAFLY ASH
50%
0.41 340
415
1744 890
5**
S-1
SLAG
30%
0.41 340
580
1744 934
S-2
SLAG
50%
0.41 340
415
1744 890
S-3
SLAG
60%
0.41
S-4
SLAG
70%
0.41 340
249
1744 845
SF-1 SILICA FUME
5%
0.35
SF-2 SILICA FUME
7%
0.35
SF-3 SILICA FUME
9%
0.35
M-1 METAKAOLIN
6%
0.35
M-2 METAKAOLIN
8%
0.35
M-3 METAKAOLIN
12%
0.35
Notes:
* Mixes that were not tested in expansion test;
** Concrete strength at 28 days did not reach minimum strength (5,000 psi.).
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CEMENTITIOUS
MATERIALS

SAND

GRAVAL

TYPE II
CEMENT

W/CM

REPLACEMENTS
RATIO

CEMENTITIOUS
MATERIALS

MIX
NO.

WATER

CONCRETE SPECIMENS (LB/YD3)

CEMENT BINDERS

83
149

290
415
249
415
580

3.3.2

Specimens preparation and exposure
All specimens were cured for 14 days prior to submerge into acid and sulfate

solutions. Four curing methods were studied and presented in this paper, named moist
curing, steam curing, dry curing and compound curing.
Specimens were all moist cured for 1 day after casting. For moist curing method,
specimens were placed in a controlled chamber at 75±5º F and 80% RH after 1 day of
casting for 13 more days. For no curing specimens, no special treatment has been applied
after demoulded expect being exposed to A/C controlled room (about 70º F and 30% RH).
Curing compound has been applied to specimens, which is so called compound curing.
They were applied with a layer of curing compound before exposed to room temperature
and 30% RH for 13 days after demoulding.

3.3.3

Environmental control
Monteiro’s environmental control setup has been adopted in this research and

optimized by expanding to two specimen tanks with one control tank. Solution is
premixed and stored in reservoir before added into specimen tanks to ensure the stability.
Solution’s pH level is monitored using in-line pH sensor and adjusted using automatic
metering pump. Sulfate content is set up as 5% to conform ASTM C1012 “Standard Test
Method for Length Change of Hydraulic-Cement Mortars Exposed to a Sulfate Solution”
and as well as other sulfate attack researches. During experiment, sulfate content was test
and adjusted once a month. In order to achieve accelerated test results, sulfate content is
increased to times higher than actual sulfate content in the field providing excessive
sulfate attack in laboratory. Same principle was applied to acid attack. pH level is set to
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3.5 in order to have the same level of excessive accumulation as sulfate in such
accelerated test. Figure 3.1 shows the setup of the environmental control system.

FIGURE 3.1. Laboratory environmental control system.

3.4 Accelerated Sulfate Resistance Test
The expansion test is adopted from the test method proposed by Ferraris (2006) to
study sulfate attack in HPC. The test is similar to the ASTM C1012 test but using smaller
specimens. The dimensions of the specimen used in this study were 0.5×0.5×2.0-inch
prisms with embedded stainless steel studs at both ends. A length comparator conforming
to the requirements of ASTM C 490 was used to measure the expansion. The stand of the
comparator was modified to accommodate measurements of the 2.0 in. prisms. After
demoulding, the specimens were cured using different curing methods described above.
During specimens’ 14-day of curing period, threaded studs were screwed into the end
pins, which were embedded in the specimens. To ensure that the stud remained stationary
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during the expansion experiment, small amounts of epoxy were used to fasten the studs to
the pins. Additionally, small amounts of epoxy were also applied 1/4 inch along the top
sides of the specimen to minimize sulfate penetration from the ends. Water should not
contact the specimen or the epoxy during its 24-hour curing process. The specimens were
then returned to the applicable curing method until the specimens reached an age of 14
days before exposing to the acid and sulfate solution. A reference bar made of the same
type of stainless steel as the studs was used to determine the comparator reading in
accordance with ASTM C490. The reference bar was also submerged in the experiment
solution. The comparator readings were made daily for the first two weeks and then
weekly thereafter. Figure 3.2 presents a typical specimen during expansion test.

FIGURE 3.2. A typical specimen for accelerated expansion test.

3.5 Modulus of Rupture Test
The strength degradation of concrete exposed to low pH and sulfate environment
was evaluated by testing the modulus of rupture. Concrete modulus of rupture was
determined through a 3-point bending test. Smaller specimens with dimension of 1×1×4inch were used to accelerate the deterioration. The fabrication of test specimens followed
the same procedure used for the expansion test. The beam was tested at 3-inch-apart
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using triangular shaped steel supports. Steel rod was used at the load point. The effect of
curing method was evaluated using the modulus of rupture test.
3.6 Results and Discussion
Sodium sulfate and magnesium sulfate as two major forms of sulfate with
different deterioration mechanism are used in the accelerated expansion test. The impact
of these two types of sulfate is presented in FIGURE 3.3. Specimens containing 10% fly
ash was exposed to sodium sulfate and magnesium sulfate solutions with the same sulfate
ion concentration and pH level. As it is shown in FIGURE 3.3, specimens subjected to
magnesium sulfate attack were clearly suffered from crumbling and softening of the paste
near the surface much more than the ones emerged in sodium sulfate solution. Acid at
such pH level also played a significant role by comparing to the ones that only enduring
sulfate attack only. Sulfate attack can result of expansion, surface softening, and
crumbling. Damages and erosions start from the edges and corners of specimens. In terms
of expansion, there is no significant difference between sodium sulfate and magnesium
sulfate. It is unveiled here in this experiment that expansion as the result of sulfate attack
is depend on sulfate ion concentration. The type of cations, no matter sodium or
magnesium, does not have significant effect to the expansion of the specimen. However,
the difference of cations does have effect in terms of softening and scaling. At the same
level of pH and sulfate concentration, magnesium sulfate results of much severe damage
to specimens’ surface. Acid in such condition could result of much accelerated
degradation process.
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10% Fly Ash Specimens
in Sodium Sulfate

10% Fly Ash Specimens
in Magnesium Sulfate

FIGURE 3.3. Fly ash specimens after 1 week of submerging under sodium and
magnesium sulfate.

The introduction of cementitious materials significantly decreases sulfate attack
process, as it is shown in FIGURE 3.4. After 2 weeks of submerging, specimens made of
Portland cement with 0.41 water cement ratio have reached the expansion of 0.4% in both
sodium sulfate and magnesium sulfate solution, which is 4-20 times more than specimens
with cementitious materials. Among fly ash, slag, silica fume and metakaolin, slag
cement has the best performance while fly ash performs the worst. Silica fume specimens
performed as well as slag cement. But taken water cement ratio into consideration, slag
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cement specimens had the same performance as silica fume specimens even with higher
water cement ratio. Metakaolin specimens were tested only in sodium sulfate. The water
cement ratio of metakaolin and silica fume specimens was the same. However, the
expansion of this specimen is much higher than silica fume and slag specimens. It is
derived in this test that it is most effective to blend slag into concrete to increase its
sulfate attack resistance. Even under the combination attack of acid and sulfate, slag
cement still shows significantly exceptional performance compare to other cementitious
materials.

Moist Curing Concrete
under Sodium Sulfate Attack
with Min. Supplementary Cementitious
Materials

Moist Curing Concrete
under Magnesium Sulfate Attack
with Min. Supplementary Cementitious
Materials

FIGURE 3.4. Specimens with different cementitious materials under sodium and
magnesium attack.

In addition, the effect of curing method was evaluated in this study. Three
different curing methods were evaluated using the expansion test. Figure 3.5 presents the
specimens after 6 weeks of exposure to sodium sulfate solution. Severe degradation was
noted on all specimens. Specifically, surface scaling was much severe on dry curing
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specimens and wet curing specimens. There seems to be little difference between these
two curing methods in terms of surface degradation. Curing compound provided
exceptional protection to the specimens. Scaling was only noted at the corners of the
specimens. It is conducted that even when drying curing method could result of
microcracks on surface, in terms of surface scaling, the difference between drying and
moist curing method is not significant. Meanwhile, curing compound could not only
provide early age curing protection but also protection against acid and sulfate attack
from environment.

FIGURE 3.5. Fly ash cement paste with dry curing, moist curing and compound curing
after 6 weeks of submerging in sodium sulfate solution.

Figure 3.6 shows the expansion results of blended cement specimens with 10%
and 25% fly ash during 80 days of exposure to sodium sulfate and magnesium sulfate
solution.
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For specimens blended with 10% fly ash, the expansion achieved 0.4% to 0.6% in
sodium sulfate solution depends on different curing methods at the end. It can be seen
that although curing compound provided an exceptional surface protection from scaling,
it couldn’t stop sulfate penetration that created expansion. In magnesium sulfate solution,
specimens that were cured in moist curing method and compound curing method
expanded to as much as 0.5% at the end of the test, which is the same as specimens in
sodium sulfate solution. It is once again proved that no matter magnesium or sodium
cation there is, specimens’ expansion is totally depended on sulfate and acid
concentration. For dry cured specimens, the extensive expansion may because of the
extreme damages and surface softening to specimens due to magnesium sulfate attack. As
discussed previously, magnesium sulfate may results of more extensive softening and
micro structural destruction. It is the most reasonable speculation of this phenomenon. It
is the same for specimens that blended with 25% fly ash. Due to the weaker strength,
these specimens are more easily to be penetrated and therefore cause of losing strength
and extensive expansion. Leave these specimens aside, the expansion result of 25% fly
ash specimen has reached about 0.5% after 80 days of exposure to magnesium sulfate
solution. Specimens in sodium sulfate has the expansion of 0.5% to 0.7% depends on
curing methods. It is also conducted from this test that lower specimen strength could
also be another factor that results of extensive expansion.
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(a (b
(c (d

a. 10% Fly Ash concrete in magnesium sulfate
b. 10% Fly Ash concrete in sodium sulfate
c. 25% Fly Ash concrete in magnesium sulfate
d. 25% Fly Ash concrete in sodium sulfate
FIGURE 3.6. Comparison of expansion of various fly ash specimens under different
curing conditions.

Cement specimens blended with 25% fly ash was used to in the testing of the
modulus of rupture. 3 curing methods have been tested. Figure 3.7 illustrates the modulus
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of rupture test results after 8 weeks of exposure to sodium sulfate solution. Specimens
have gone through the combination attack of acid and sulfate attack. Specimens were
applied of 3-point bending and tensile strength was derived from maximum load and
specimens’ dimensions. Moist curing specimens show the highest tensile strength, then
compound curing, and at last dry curing specimens with the lowest tensile strength.
Compare to original specimen tensile strength, moist curing specimens’ tensile strength
reduced by about 22%, compound curing specimens’ tensile strength reduced by about
36%, and dry curing specimens’ tensile strength reduced by about 61%. Both moist
curing and compound curing methods can successfully provide early age protection for
cement specimens and reduce the generation of microcrack on the surface. But although
cement was covered by curing compound, moist could still leak out through the
compound cover. Dry curing samples have the highest strength reduction. It is because
that surface drying will result of extensive amount of cracks. And strength degradation
may result from crack extending and cement tensile strength degradation.
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Tensile Strength (psi)
FIGURE 3.7. Comparison between different curing conditions (under sodium sulfate
attack if not noted).

3.7 Conclusion
Laboratory experimental tests were performed to determine the deterioration
induced by the sodium and magnesium sulfate on the ﬂy ash, slag, metakaolin, and silica
fume concretes and the following conclusion are reached:
The specimen subjected to magnesium sulfate attack clearly suffered more from
crumbling and softening of the paste near the surface.
Overall, pozzolanic materials significantly improved the durability performance
of concrete structure in sulfate and acidic Environments. Among the HPC mixtures, the
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mixtures containing slag cement and silica fume performed the best, while mixture
containing fly ash performed the worst.
In addition, different curing methods were studied in this study. Overall, the
compound curing had the best surface condition. There seems to be very little difference
in the surface condition between dry curing and moist curing. For the samples exposed to
magnesium sulfate, dry curing clearly performed the worst with the highest expansion.
The difference between the performance of dry curing and other curing method was less
pronounced for samples exposed to sodium sulfate. Overall, both moist curing and curing
compound performed well and comparable to each other.
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4.1 Abstract
In this study, the absorption based model was established using Richards Equation
and it’s validated with other scholars’ data and experimental data. From these
computations, it was concluded that under acid condition, sulfate penetration could be
described using absorption based model. Very few studies however tried to distinguish
the saturation condition to the calculation of concrete sulfate resistance. In the present
study, durability concerns have been focused on the modeling of external sulfate attack.
A literature review has exposed the different aspects trying to explain the mechanisms
underlying this complex phenomenon. A model has been developed based on a finite
element method by implying absorption-reaction equation. After extrapolation of the
short-term to the long term case, it was possible to validate the outputs of the model by
comparing it to experimental results.

KEY WORDS: Concrete; absorption; sulfate attack
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4.2 Introduction
Sorption-based model is used in this research. This model is based on the
assumption that concrete is porous material and both liquid water and water vapour can
penetrate into the pores and permeate through them. Sulfate migrates within concrete
along with liquid water through cracks and into pores, yet not migrates with water vapour.
Sulfate will react with concrete particles and reaction products can result of expansion
and cracks within concrete. To better understand the migration of sulfate, water transport
in concrete must be understood and simulated using Finite Element Method (FEM).
Concrete service life will be calculated using threshold suggested in Chapter 2. FEM
model will firstly be validated with other references and concrete degradation simulation
will be processed using concrete properties tested in Chapter 3 and the result will be
compared with in-situ bridge piles to verify the model’s accuracy.

4.3 Literature Review
To link the concrete characteristics such as formation factor and sorptivity
coefficient to the degradation of concrete, several models of sulfate stack have been
derived by researchers using approaches mainly based on two kinds of models. These
models adopt different theories for use in modeling sulfate mitigation in concrete.
4.3.1

Diffusion based service prediction models
Mobasher-Tixier Model is based on the assumption that the degradation by the

sulfate is the estimation of sulfate concentration profile into the specimen. This depends
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on the diffusion of sulfate into the specimen, depends on the geometry of the specimen,
and on the sulfate concentration in the solution surrounding the specimen.
The combination of the diffusion and the reaction with the cement paste allows
the model to calculate the profile of the sulfate concentration versus depth in specimens
of various geometries and its evolution with time.
Concrete degradation is then evaluated by calculating the expansion of the
specimen resulting from the reaction. The model uses the modulus of elasticity of the
material, its capillary porosity, and the calculated sulfate penetration and reaction
distribution in the specimen to calculate the overall expansion and deterioration.
4.3.2

Sorptivity based service prediction models
NIST CONCLIFE was developed to address the deterioration of sulfate attack and

freeze-thaw of bridge decks and pavement. It was assumed that the sulfate solution could
ingress the concrete by sorption. It assumes that sulfates enter concrete only by sorption
and not by diffusion. The concrete specimen is dry or only partially saturated.
The service life model for sulfate attack in CONCLIFE is developed based on the
model developed by Atkinson and Hearne. It calculates spalling depth based on the
information of environment and concrete properties. The basic equation is:
Xspall = (2αγf (1 − ν))/(E(βCE )2 )
Where C E = concentration of reacted sulfate as ettringite (mol/m3)
E = Young’s modulus (GPa)
X spall = spalling depth (m)
α = roughness factor for fracture path
β = linear strain caused by one mole of sulfate reacted (m3/mol)
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(4.1)

γ f = fracture surface energy of concrete (N/m)
σ = surface tension (N/m)
ν = Poisson’s ratio
The basic assumption of this model is that deleterious expansion and cracking are
due to the formation of ettringite within the concrete. For a sorptivity-based model, the
buildup of ettringite is considered to be due to external sulfate ions penetrating into the
concrete along with sorbed external solution.

4.4 Theories and Considerations
4.4.1

Unsaturated liquid migration within concrete
Water is absorbed into the interior of concrete by capillary forces arising from the

contact of the pores of the concrete with the water phase. This unsaturated flow (u) is
described locally by the extended Darcy’s Equation
u = K(θ)F

where F is the capillary force and

(4.2)

θ is the ratio of liquid volume to bulk volume (volume fraction saturation). If we
expressed this equation using capillary potential Ψ, so that
u = −K(θ)∇Ψ

(4.3)

Here, Ψ (dimension [L]), defined to be coherent with the pressure potential P, is
the capillary potential/unit weight of liquid.
Combining Equ. 4.3 with the continuity equation leads to the fundamental
equation of unsaturated flow, the Richards equation
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∂θ
∂t

= ∇K(θ)∇Ψ

(4.4)

Clearly two material properties must be known in order for flow rates to be
calculated. These are K(θ) and Ψ(θ). It is often more convenient to write Eq. 4.4 in terms
of θ rather than Ψ. If we define a quantity D = K(dΨ/dθ) then Eq. 4.4 becomes
∂θ
∂t

= ∇D∇θ

(4.5)

where D is the capillary diffusivity, with dimensions [L2T-1]. D depends both on
the material and on the fluid: it describes the tendency of the material to transmit the fluid
in question by capillarity. Most commonly, the fluid is water and D is then called the
hydraulic diffusivity.
It is the Richards equation that provides the basis for our description of
unsaturated flow in porous materials. Unsaturated flow processes can be represented by
solution to Richards equation subject to appropriate boundary conditions.
4.4.2

Dependence of gravity
In many cases in building materials, the strong capillary forces and the short

distances over which migration occurs mean that we can neglect the effects of gravity on
unsaturated flow. If the heights involved are much less than the variation in hydraulic
potentials, then the assumption is justified. However, due to weak suction and especially
for sections close to saturation and for large height of water transport, especially when
long-term analysis involved in this research, effects of gravity cannot be neglected.
For this case, the fundamental equation of unsaturated flow Eq. 4.2 will include
the effects of gravity by replacing the hydraulic potential Ψ by a total potential Φ = Ψ + z
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which thus depends on elevation. Here z is the vertical coordinate (positive upwards). It
follows that the diffusivity formulation of unsaturated flow is
∂θ
∂t

= ∇(D∇θ) +

dK ∂θ

dθ ∂z

(4.6)

Therefore, for problems involving gravity effects we need to know D and K,
rather than just D alone.
4.4.3

Dependence of material properties
We already know the governing equation for solving simplest unsaturated liquid

migration, and solving liquid migration problem with the consideration of gravity. It is
still not feasible if we don’t know the properties of concrete.
D, hydraulic diffusivity, is controlling material properties. It is commonly
represented by the equation
D(θr ) = D0 exp(Bθr )

Where D 0 , B are constant

(4.7)

The wetting diffusivity may also be represented by a power-law form:
D(θ) = D0 θn

(4.8)

Where n is a constant. There is also evidence available suggests that the
exponential model fits wetting profile data slightly better than the power law.
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Table 4-1 Hydraulic diffusivities of concrete represented by Eq. 4.8
Material
Concrete, w/c 0.62
Concrete, w/c 0.55
Concrete, w/c 0.40

Diffusivity
D 0 m2s-1
1.5 ×10-10
3.7 ×10-11
1.3 ×10-11

B
6.2
7.2
7.4

It is possible to “convert” these two forms of expression in both ways. For given
two materials stated in Table 4-2, both exponential expression and power-law expression
are drawn in Fig 4.1. It is found out that for water content larger than 0.6, both expression
give similar hydraulic diffusivity. However, for water content less than 0.6, power-law
expression is more conservative in calculating diffusivity, which can cause water
distribution different at the “tail”. We will be discussing this phenomenon in Stage I.

Table 4-2 Difference diffusion expression for same materials
Material

Concrete, w/c 0.40
Wire-cut clay brick ceramic

D(θr ) = D0 exp(Bθr )
Exponential Expression
D0
B
-11
1.3
×10
7.4
m2s-1
0.13
6.28
2
-1
mm min
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D(θ) = D0 θn
Power-law Expression
D0
n
-8
2.13×10
6.5
m2s-1
69.39
5
2
-1
mm min

FIGURE 4.1. Hydraulic diffusivity of concrete (left) and ceramic (right) using
exponential expression and power-law expression

K, generalized or unsaturated permeability but is conventionally described as
liquid conductivity.
Direct measurement of the unsaturated hydraulic conductivity is experimentally
difficult and not suitable for concrete. Indirect estimates of unsaturated conductivity may
be obtained from measurements of the diffusivity and hydraulic potential.
The most widely used model of K(θ) is the Mualem equation. Used with van
Genuchten hydraulic potential function, Mualem equation leads to the following function
for K(θ)
1

m 2

K(θr ) = K s θlr �1 − �1 − θr m � �

(4.9)

Where m is the van Genuchten parameter and l is a constant equal to about 0.5. It
is often used to represent the hydraulic conductivity of concrete.
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Here we have some examples of the permeability of cement-based materials in
Table 4-3. The permeability depends on free water content, water/cement ratios, curing
and drying conditions.

Table 4-3 Permeability of cement-based materials
Material

Fluid

Hardened cement paste w/c 0.5a
Hardened cement paste w/c 0.8a
Cement-sand mortarsb
High strength concrete, moist curedc
High strength concrete, air curedc
Notes:
a Fully hydrated cement paste
b 1:3 cement:sand mortar
c Portland cement concrete w/c 0.45

Water
Water
Water
Water
Water

4.4.4

Permeability
K s / ms-1
3.8 × 10-13
4.6 × 10-11
4.6 × 10-11
7.7 × 10-13
1.9 × 10-11

Dependence of environmental conditions
For environmental conditions, we are talking about temperature, humidity, air

speed, and sulfate concentration. In this research, the role of acid is not discussed. By
defining target pH level 5.0, we assume that concrete performance calculated in this
research suitable for any bridges facing pH level of 5.0 or milder conditions.
In the water sorption process, temperature, humidity, and air speed merely play
any role. Concrete properties have the most crucial role in water transport within concrete.
Sulfate concentration is very important in calculating sulfate concentration in concrete.
Temperature, humidity and air speed are only considered when water evaporation
is considered in the model. Evaporation, also called drying, means the transfer of water
from the pores of concrete to the surrounding air. The process generally includes:
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unsaturated flow of liquid within concrete; vapour flow within concrete; the liquidvapour phase change; convective-diffusive transfer of vapour from the surface of
concrete to the surroundings.
Drying process occurs in at least two distinct stages, called the constant drying
rate period (Stage I) and the falling drying rate period (Stage II). For first stage, Selih
recommends in his paper that for concrete, 0.18 kg/day/m2 could be used and for the
second stage, 0.02 kg/day/m2.
Environmental condition mostly affects the process of stage I drying. Increasing
humidity will result of evaporation slowing down. The faster air speed is, the faster
evaporation is. And for temperature, the higher temperature will increase the speed of
evaporation.
Hall et al. explained this phenomenon in his paper and the effects of humidity and
air speed is shown in Figure 4.2.

FIGURE 4.2. Variation of water evaporation rate (g h-1) with humidity (Left, humidity
factor H = 1-(%R.H./100) and air speed (Right)
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There is now considerable evidence that the stage I drying in a wide range of
porous materials is equal to the evaporation rate of a free water surface under the same
conditions. Stage I drying only happens in a first few hours when concrete is exposed
from water from long time emerge.
The drying rate eventually ceases to be constant and begins to decrease. This
change marks the beginning of stage II drying. Hall suggests that in stage I, the
evaporation rate is controlled by vapour phase diffusion above the surface. However, in
stage II, the rate is limited by unsaturated flow within concrete.
Therefore, to conclude, environmental condition will barely influence the sorption
process. In desorption, or evaporation, drying, process, environmental condition dominate
the rate in stage I drying, which only happens in the first few hours. After stage I drying,
unsaturated flow within concrete once again limits the evaporation rate. In this research,
the effects of environmental condition are limited and will be barely considered.
4.4.5

Dependence of time
The penetration of water into a concrete surface with uniform initial water content

may be described by Eq. 4.4. Take one-dimensional horizontal flow of liquid, the
unsaturated flow may be described mathematically by
∂θ
∂t

=

∂

∂x

�D

∂θ
∂x

�

(4.10)

To obtain Eq. 4.10 in the form of an ordinary differential equation, we introduce
Bolzmann variable
∅ = xt −1/2

Using this equation and Eq. 4.10 may be written
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(4.11)

1

− ∅
2

dθ

d∅

=

d

d∅

(D

dθ

)

d∅

(4.12)

Then if we use power-law diffusivity equation Eq. 4.8 and Eq. 4.12 yields an
extremely simple to use analytical expression by
A
2

(4.13)

s2 = D0 (1+n)(2+n)

(4.14)

2D0 (1 − θn )/n = s∅ + ∅2

with

3+2n

and

A=2−

(1+n)s2
D0

(4.15)

With given concrete properties D 0 and n, we are able to solve the water content

distribution versus φ. And if we need to know the distribution for a certain time, just plug
in the time into Eq. 4.11.
Take concrete in Table 4-2 for example. With power-law expression, D 0 =
2.13×10-8

m2s-1 and n = 6.5. Then the water distribution problem will be solved as

shown in Figure 5.3.
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FIGURE 4.3. Water content profiles calculated by Eq. 4.12 and using power-law
diffusivity for concrete w/c = 0.40

In FEM calculation, instead of using Bolzmann variable, time-dependent method
will be used.
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4.4.6

Sulfate chemical reaction
The reaction of sulfate with concrete results of the formation of ettringite from an

aluminate phase and the potential expansions associated with that. Three compounds may
react with ingressing sulfates according to one of the following reactions:
C4 AH13 + 3CS� H2 + 14H → C6 AS� 3 H32 + CH
C4 AS� H12 + 2CS� H2 + 16H → C6 AS� 3 H32
C3 A + 3CS� H2 + 26H → C6 AS� 3 H32

These reactions are lumped in a global sulfate phase-aluminate phase reaction
(Tixier and Mobasher 2003) and represented as Pi + ai S� → C − 6 AS� 3 H32 where P i

represents the weighted average proportion of the aluminate phase taking part in the
reaction, and a i represents the stoichiometric sulfate required for the reaction. Similar to
the model by Clifton et al. (1994), the expansion is predicted from the molar volumes of
the different components of the cement paste and its microstructural parameters (Clifton
and Pommersheim 1994). The crystallization pressure of the products of the reaction
results in a bulk expansion of the solid.
In this research, to simplify, accumulated sulfate and reaction products are
measured with XRD and evaluated in terms of atom weight percentage. The expansion
results created by crystallization pressure from expandable reaction products or sulfate
accumulation are lump summed as the function of sulfate weight percentage generalized
using in-situ concrete experimental data.
In the reaction of cement particles and sulfate, P i is considered to be unlimited
compare to sulfate. Therefore, reaction rate is only depends on the content of sulfate. In
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this research, we use mol/L as the unit of evaluating sulfate content, no matter in water or
penetrated into concrete.
Here we have another assumption. We assume the sulfate content in water stays
constant no matter in or out of concrete, since the water body serves as an almost
unlimited sulfate reserve. We also ignore the effect of temperature. Therefore, the
reaction rate will be only related with sulfate content in surrounding water body.
B. Mobasher et al. states in his paper that the differential equation for the
penetration of sulfates and the reaction is represented as a first order diffusion reaction
equation and represented as the following:
∂u(x,t)
∂t

=D

∂2 u(x,t)
∂x2

− ku(x, t)c(x, t)

(4.16)

where c(x,t) stands for the amount of cement particles in the reaction. u is the
adjusted surrounding sulfate content.
Comparatively, Mobasher’s equation evaluate sulfate penetration simply using
Fick’s second law, while in this research, sulfate are considered penetrating into concrete
with water and calculated using Finite Element Modeling. The advantage of Mobasher’s
equation is that it simplifies sulfate reaction function using linear expression. This
function is adopted in this research.
Considering c(x,t) is not the limitation, the reaction rate can be calculated using
function:
∂C(x,t)
∂t

= ku(x, t)
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(4.17)

where C [wt.%] is the sulfate reaction products content in concrete. u is the
adjusted surrounding sulfate content [ppm]. k is the reaction parameter calculated from
experiments. t is time in unit of second.
When water penetrating into concrete, for unit volume, adjusted surrounding
sulfate content is calculated using following equation:
u(x, t) = θr (x, t) × f × U

(4.18)

where θ r is reduced water content. f is volume fraction porosity. U is surrounding
sulfate content.
Here is how we calculate reaction parameter. From experiment, fly ash cement
with 25% fly ash is immerged into sulfate solution for 52 weeks. Figure 4.4 shows the
Scanning Electron Microscope image at 100 times magnification. The sulfur atom weight
percentage of the marked area in Figure 4.4 is tested using X-ray diffraction analysis
shown in Figure 4.5. The result shows that sulfate atom weight percentage on the surface
is 3.46.
Because the test point is near the surface, u = f × U = 6,750 ppm, assuming f =
0.135. Then we get k = 9.86 × 10-6.
To use this function, C, u and t must keep the same unit as mentioned previously.
Therefore, combine Eq. 4.17 and Eq. 4.18, we get sulfate reaction product [weight
percentage] at certain point and time:
t

C(x, t) = ∫0 k × θr (x, T) × f × UdT
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(4.19)

FIGURE 4.4. Scanning Electron Microscope image of the surface of fly ash cement (25%
fly ash) after 4 weeks immerged into 50,000 ppm sulfate solution.

FIGURE 4.5. X-ray diffraction analysis of the surface of fly ash cement (25% fly ash)
after 4 weeks immerged into 50,000 ppm sulfate solution
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4.4.7

Evaporation and accumulation
The process of desorption by evaporation is not simply a reversal of the capillary

absorption process. There is no liquid/vapour phase change in simple absorption, but
evaporation inescapably involves such a phase change.
As stated previously, there are two phases of drying, so-called stage I drying and
stage II drying. Stage I drying, if we state clearly, happens when water content on the
surface is not equal to 0. For concrete above water level, there is no surrounding water as
it is for concrete under water level. As part of boundary conditions, water content is
restricted to 0 in this research.
Stage II drying, which happens when water content on surface equal to 0, is
driven by water vapour diffusivity force. The surrounding air serves as “free vapour
reservoir” with constant vapour concentration, temperature, air pressure as assumed in
this research. Water vapour concentration is related with Relative Humidity (RH) and air
conditions (temperature, air pressure). Within concrete, because water content is not 1,
the rest of the pores are filled with water vapour due to the appearance of liquid water.
This condition is so called RH = 1. Therefore, there will be a concentration difference
between the air inside concrete and outside if RH ext < 1.
According to Fick’s first law, the water vapour concentration changes within
concrete can be calculated as:
∂cv (x,t)
𝜕𝜕𝜕𝜕

= −Dv

H
x

(4.20)

where c v is water vapour concentration [g/m3]. D v stands for vapour diffusivity
parameter. H = (1-RH/100) is a humidity factor
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Because for the same location, water appearance with water vapour. Transferred
water vapour can be supplemented almost immediately by evaporated liquid water.
Therefore, the water content changes at the same location will be calculated as:
∂θr (x, t) × dV × ρ = [1 − θr (x, t)] × dV × ∂cv (x, t) × M

(4.21)

The mass change of liquid water on the left side equals to the mass change of
vapour water on the right side at the same location with porous volume dV. ρ is the
density of liquid water 997 kg/m3 at 25 °C and M is the molar mass of liquid water 18.0 ×
10-3 kg/mol. We simplify Eq. 4.21 and get:
∂θr (x,t)
𝜕𝜕𝜕𝜕

=

1−θr (x,t)
A

×

∂cv (x,t)
𝜕𝜕𝜕𝜕

(4.22)

where A = ρ /M = 5.54 × 104 mol/m3 at 25 °C. It’s a constant for given
temperature.
Therefore, given Eq. 4.22 and Eq. 4.20, we have the change of water content at
any location due to water evaporation:
∂θr (x,t)
𝜕𝜕𝜕𝜕

=

1−θr (x,t)
A

× −Dv

H
x

(4.23)

As we already know, water transport within concrete can be driven by absorption
force, which can be calculated by Richards Equation as Eq. 4.4. Water as carrier of
sulfate ions, migrates from surrounding reservoir to concrete without any liquid/vapour
change. Therefore, sulfate concentration does not change as water driven by absorption
force. However, when there is liquid/vapour change happens as demonstrated previously,
sulfate concentration of this location increases due to solution loss. It is called sulfate
accumulation.
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The sulfate concentration at certain time of any location before evaporation
happens is
n

cs =

(4.24)

dV p θr

where, c s is sulfate concentration at this location and time with unit [mol/m3]. n is
number of moles of sulfate ions. dV stands for the volume of this location. p is the
porosity of concrete. θ r is reduced water content at this location.
After a very short time ∆t, the concentration of this location will be
cs + ∆cs =

n

(4.25)

dV p (θr +∆θr )

Therefore, ∆c s is calculated using Eq. 4.24 and Eq. 4.25
∆cs =

We simplify Eq. 4.24 and get

n

−

∆cs =

−∆θr cs

dV p (θr +∆θr )

n

(4.26)

dV p θr

(4.27)

(θr +∆θr )

When ∆c s is close to 0, (θr + ∆θr ) gets close to θr and ∆θr is dθr . We get
dcs = −

cs

𝜃𝜃𝑟𝑟

𝑑𝑑𝜃𝜃𝑟𝑟

(4.26)

Therefore, combining Eq. 4.26 and Eq. 4.23, we have the sulfate accumulated
concentration change at any location and time:
∂cs (x,t)
𝜕𝜕𝜕𝜕

=

cs (x,t)
𝐴𝐴

×

1−θr (x,t)
𝜃𝜃𝑟𝑟 (𝑥𝑥,𝑡𝑡)

× Dv

H

(4.27)

x

Therefore, for any location and time, we are able to calculate the sulfate
concentration as
t cs (x,T)

cs (x, t) = C + ∫0

𝐴𝐴
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×

1−θr (x,T)
𝜃𝜃𝑟𝑟 (𝑥𝑥,𝑇𝑇)

H

× Dv dT
x

(4.28)

4.5 Finite Element Analysis
4.5.1

Governing equations
With the theoretical and empirical considerations stated previously, we now

present the governing equations of this FEM model. Two-dimensional problem will be
adequate for practical problem. For a two-dimensional problem in an x-y plane, which is
the focus of the current study, the governing equation is
∂θ
∂t

=

∂θ

∂�D(θ)∂x �
∂x

+

∂θ

∂�D(θ)∂y�
∂y

If the effect of gravity is considered, Eq. 4.29 will be modified to
∂θ
∂t

=

∂θ

∂�D(θ)∂x �
∂x

+

where y is positive in upward direction.
4.5.2

∂θ

∂�D(θ)∂y�
∂y

+

dK ∂θ
dθ ∂y

(4.29)

(4.30)

Boundary conditions
The FEM model will be designed to solve water penetration into concrete through

the surface under water, of which the water content stays constant as 1, and for concrete
above water level, water content stays constant as 0. If we set water level is at x = 0, then,
the boundary condition is as follows.
For x = 0 and y < 0, θ = 1 (under water level)
For x = 0 and y > 0, θ = 0 (above water level)
For x > 0 and t = 0, θ = 0 (initial condition)
For y → :, θ = 0 (up bound limitation)
4.5.3

Model geometry and meshes
The water penetration process is simulated in the two-dimensional FE model

using commercially available software, COMSOL Multiphysics®. The dimension of the
FE model is illustrated in Figure 4.6. Water is only considered to be penetrating from
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outside. Therefore, only a section of concrete pile is simulated. For boundary y = -1000
mm, no water flow is considered since it’s emerged and away from water level. For
boundary y = 2000 mm, no water flow is considered as well, since it’s far away from
water level.
r = 3000 mm

Rebar

h1 = 2000 mm

Concrete Cover

h2 = 1000 mm

Water Level

FIGURE 4.6. The FE model used in this study: specimen size, discretization scheme and
boundary conditions

The entire domain is discretized using 4-node quadrilateral elements, with the
highest mesh density in the contact position with water. Progressively coarser mesh is
used as we move away from the contact resulting in 1946 elements in the model.
4.5.4

Model validation
The fully time-dependent one-dimensional case is very important, since it

provides the foundation for understanding many practical phenomena and is also the

78

basis of many experimental methods and test procedures. It is necessary to verify the
calculation before the application to two-dimensional model.
One-dimensional FE model is used to verify time-dependent calculation by
applying Eq. 4.11 and the result is compared with analytical expression in Eq. 4.13.
Governing equation that used for one-dimensional FE model is
∂θ
∂t

and the boundary conditions are

=

∂θ

∂�D(θ)∂x �
∂x

(4.31)

For x = 0, θ = 1

For x > 0 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡 = 0, 𝜃𝜃 = 0

Two different diffusivity functions are used in this FE model, power-law
diffusivity function and exponential diffusivity function. Concrete properties in Table 4-2
are used in this model.
The calculation results are shown in Figure 4.9. It is found out that both FE
models fit well with analytical solution that used power-law diffusivity function. But for
short term solution, FE model with exponential diffusivity function is better than using
power-law diffusivity function with less tail noise and smother water content profile.
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FIGURE 4.7. Water content profiles using power-law diffusivity function at a series of
elapsed times t for water absorption into concrete having the diffusivity function D /m2s-1
= 2.13×10-8 θ r 6.5
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FIGURE 4.8. Water content profiles using exponential diffusivity function at a series of
elapsed times t for water absorption into concrete having the diffusivity function D /m2s-1
= 1.3 ×10-11 exp(7.4 θ r )

81

FIGURE 4.9. Water content profiles obtained by NMR during capillary absorption of
water by a plaster bar (a, b) and water content profiles calculated by FE models and
power-law diffusivity analytical solution of concrete
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Gummerson et al. have done experiment using nuclear magnetic resonance (NMR)
to obtain water content profile of a plaster bar (Figure 4.9). Philip has developed an
accurate quasi-analytical iterative method of solving the non-linear diffusion equation.
Parlange gave another approximate method which provided adequate results without
iteration. More recently, Parlange and his collaborators have found a better solution by
generalize a method originally used by Heaslet and Alksne to solve the restricted case of
non-linear diffusion in a material with a power-law diffusivity.
In Figure 4.10a, the calculated water content profiles are shown for onedimensional absorption using the extended Heaslet-Alksne method. In this example, the
profile exhibits the characteristic steep gradients in the vicinity of the wetting front, and
advances as t1/2 maintaining constant shape, as the Boltzmann transformation requires. In
Figure 4.10b, a compare of the calculated distribution φ(x) using the extended HeasletAlksne method with the accurate iterative method of Philip is shown. The curves are
almost indistinguishable.
In Figure 4.10, we calculate water content profiles by FE model using the exact
same material properties for one-dimensional absorption problem. FE model provides
almost identical curve as extended Heaslet-Alksne method and Philip method.
In Figure 4.11, it is clearly seen that using FE model with exponential diffusivity
function provides more accurate water content profile, especially in the wetting front.
Besides, FE model with exponential diffusivity function appears to be more stable and
gives much less “noise” at the “tail”. Therefore, for the rest of this research, exponential
diffusivity function is used, if not noted.
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FIGURE 4.10. Water content profiles using exponential diffusion model at different time.
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FIGURE 4.11 Water content profiles using power-law diffusion model at different time.

85

4.6 Sulfate Mitigation Model
4.6.1.1 Stage I unsaturated liquid migration under minimum water level
For concrete piles emerged into water deeply away from water level, the water
flow can be treat as unsaturated liquid flow from external to internal without migrating
upward or downward. Therefore, a one-dimensional migration simulation is completed
for this stage.
Simulation has been done to a 36 inch (0.91 m) square concrete pile. Concrete
properties from Table 4-2 have been adopted in this simulation. Exponential diffusivity
function is used for this simulation, in which D 0 = 1.3 × 10-11 m2s-1, B = 7.4.
One-dimensional FE model is established applying governing equation:
∂θ

And boundary conditions are

∂t

=

∂θ

∂�D(θ)∂x �
∂x

(4.32)

For x = 0 or x = 0.91, θ = 1
For x > 0 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡 = 0, 𝜃𝜃 = 0

Saturated condition is applied on both side of the model, since water is
penetrating from both sides of concrete piles.
Figure 4.12 shows the calculated water content profiles up to 2 years. For less
than 3 months, the wetting front has reached the depth of rebar. For only less than 1.5
years, the whole concrete pile will be filled with water. Figure 4.13 shows the water
content at the depth of rebar and in the middle of concrete. To conclude, for this kind of
concrete, at the first 1.5 years of calculation, water profiles within concrete need to be
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considered. However, for long-term simulation, concrete that kept emerged in water can
be considered as fully saturated.

FIGURE 4.12. Water content profiles of emerged concrete under both side penetrations.
Concrete w/c = 0.4. Calculation use exponential diffusivity function, D 0 = 1.3 × 10-11
m2s-1, B = 7.4.
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FIGURE 4.13. Water content at the depth of steel rebar and in the middle of concrete pile.

We assume surrounding water body has sulfate content U = 1500 ppm. The pH
level is lower than 6.5 satisfying low pH condition. Concrete porosity is assumed to be
0.135. Based on water content profile and Eq. 4.19, sulfate reaction products content in
terms of sulfur weight percentage at different depth and time are illustrated in Figure 4.14.
The sulfur weight percentage at 3-inch depth at the end of 2 years period is about 0.2.
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FIGURE 4.14. Sulfate reaction products content in form of sulfur weight percentage
distribution at different period

4.6.2

Stage II short term unsaturated liquid migration of bulk concrete
The research at this stage mainly focuses on the short-term water penetration at

water level. The effect of gravity is not considered in this problem, due to the short
distance capillary absorption.
A two-dimensional FE model is used in this stage of study. As illustrated in
Figure 4.15, the entire domain is discretized using 4-node quadrilateral elements, with the
highest mesh density in the contact position with water. Progressively coarser mesh is
used as we move away from the contact resulting in 1898 elements in the model.
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θ=0

d0=76.2 mm (3 inch)

Line 2
h=200 mm

θ=1

Water level

Line 1
Line 3
d=200 mm

FIGURE 4.15. The FE model used in this study: specimen size, discretization scheme and
boundary conditions

3 lines are preset for analysis, which is 50 mm under water level, 50 mm above
water level, and at the distance of 3 inch to concrete surface. A total of 28 days (4 weeks)
analysis has been done to this problem to simulate the short-term water transport at the
very beginning of pile installation. The same material properties are used as in stage I.
Figure 4.16 to Figure 4.19 shows the results of water content profiles of the whole
domain at 1 week to 4 weeks. It can be seen that water penetrates into concrete and
spreading not only horizontally but also vertically. The wetting front could reach over
100 mm depth in only 3 weeks. In total of 4 weeks test period, the wetting front has
reached as high as 60 mm above water level. Vertical water transit is proved to be nonneglected. For concrete under water level, the highest water content is at the surface and
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gradually decreases with depth. However, for concrete above water level, the highest
water content is not at surface but at certain distance away from surface.

FIGURE 4.16. Water content profiles contour map of concrete half immerged in water
for 1 week.
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FIGURE 4.17. Water content profiles contour map of concrete half immerged in water
for 2 weeks.

FIGURE 4.18. Water content profiles contour map of concrete half immerged in water
for 3 weeks.
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FIGURE 4.19. Water content profiles contour map of concrete half immerged in water
for 4 weeks.

Water content profiles calculated at the 3 preset lines are illustrated in Figure 4.20
and Figure 4.21. For concrete at 50 mm above water level, pores are half filled with
water at 4 weeks period. The highest water content appears to be at around 20 to 40 mm
depth from surface depends on time. Wetting front reaches 3-inch distance after 1 week.
Water content increases tremendously after reach wetting front. The increase slows down
at 4 weeks after reach about 0.85 water content. But vertically, wetting front keeps climb
up along 3-inch-depth line.
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FIGURE 4.20. Water content profiles of concrete half immerged in water for a series of
time. Measurements are taken at 50 mm under water level.

FIGURE 4.21. Water content profiles of concrete half immerged in water for a series of
time. Measurements are taken at 50 mm above water level.
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FIGURE 4.22. Water content profiles of concrete half immerged in water for a series of
time. Measurements are taken at 3 inch depth from surface. Water level is at 100 mm
height.

We assume the same condition as we did for stage I. Sulfate reaction products
distribution is calculated and shown in Figure 4.23 and Figure 4.24. The maximum sulfur
weight percentage of concrete at the end of 4 weeks period is 0.008 close to surface. At
the depth of rebar, which is at 3 inch depth from the surface, sulfur weight percentage
reaches 0.004 at the end of 4 weeks. For short term reaction, there is more sulfate
reaction products produced below water level than above.
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FIGURE 4.23. Sulfate reaction products distribution of concrete half immerged in water
for a series of time at 3-inch below water level.

FIGURE 4.24. Sulfate reaction products distribution of concrete half immerged in water
for a series of time at 3-inch depth from surface. Water level is at 100 mm height.
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4.6.3

Stage III long term unsaturated liquid migration of bulk concrete
For long term liquid migration, effect of gravity must be taken into consideration.

Therefore, the governing equation of the model in Stage III is:
∂θ
∂t

= ∇(D∇θ) +

dK ∂θ

(4.33)

dθ ∂z

The same concrete properties as the last two stages are used and conductivity of
moist cured high strength concrete from Table 4-3 is used in this Stage.

A two-dimensional FE model is used in this stage of study. As illustrated in
Figure 4.25. the entire domain is discretized using 4-node quadrilateral elements, with the
highest mesh density in the contact position with water. Progressively coarser mesh is
used as we move away from the contact resulting in 1626 elements in the model.

d0=76.2 mm
(3 inch)

θ=0

h1=2000 mm
Line 2

Line 1

h2=1000 mm

θ=1

Water level

Line 3
d=3000 mm

FIGURE 4.25. The FE model used in this study: specimen size, discretization scheme and
boundary conditions
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Although we mostly concentrate on the penetration from one side of boundaries,
saturated water boundary conditions have been still applied on both side of the model to
ensure saturated condition at the center when long-term analysis is taken into
consideration. Width of concrete is set up to ensure enough migration distance. There is
not much different in terms of near-surface water content conditions for concrete with
different widths.
75 years analysis has been done to this model. Environmental conditions are as
same as Stage II, which is 1500 ppm sulfate concentration with pH under 6.5.
The water content profiles contour map of the domain is illustrated in Figure 4.26
through Figure 4.29. Results show that water has tremendous vertical migration even
when gravity effect is taken into consideration. Water is absorbed into concrete and
transport through concrete under capillary pressure. At the end of 50 years surrounding
by such environmental condition, water migration wetting front has reached as high as
1800 mm above water level.
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FIGURE 4.26. The water content profiles contour map of research domain at the end of
10 years. Analysis concentrates on the left side of domain.

FIGURE 4.27. The water content profiles contour map of research domain at the end of
30 years.
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FIGURE 4.28. The water content profiles contour map of research domain at the end of
30 years.

FIGURE 4.29. The water content profiles contour map of research domain at the end of
30 years.
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Line 1 is 500 mm under water level. The water content profile is illustrated in
Figure 4.26 for 10 years, 30 years, 50 years, and 75 years. Water penetrates into concrete
as deep as 1400 mm at the end of 10 years, if it’s possible. During water penetration,
sulfate begins reaction and results of reaction productions more close to surface and
gradually reduced while move inside. For concrete above water level. Sulfate content is
limited on the surface and increases while move inside. This result matches the findings
of in-service concrete bridge piles.

FIGURE 4.30. Reduced water content profiles along line 1,500 mm under water level at
different time period
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FIGURE 4.31. Sulfur weight percentage along line 1,500 mm under water level at
different time period.

FIGURE 4.32. Reduced water content along line 1,500 mm above water level at different
time period.
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FIGURE 4.33. Sulfur weight percentage along line 1,500 mm above water level at
different time period.

FIGURE 4.34. Reduced water content along line 3.3 inch depth from the surface at
different time period.
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FIGURE 4.35. Sulfur weight percentage along line 3.3 inch depth from the surface at
different time period.

4.7 Comparative Study with In-Service Concrete Piles
To simulate concrete bridge pile # 490030, sulfate concentration is set to be 1417
ppm. The rest of parameters remain the same. FE model width is set to be 36 inches and
give us about 2523 elements to calculate. Figure 4.36 shows the picture of concrete pile
of bridge #490030.
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FIGURE 4.36. Bridge #490030 on-site picture

Core samples are taken about 0.5 meter above water level. Concrete at the same
level at core samples is taken for analysis in FE model. The calculation results are shown
in Figure 4.37 at different time period from 10 years to 75 years. Figure 4.38 shows the
findings of field inspection with compare of Finite Element Model. The results show that
the results of FE model match field inspection results pretty well.
Because the water level movement is not taken into consideration in FE model,
the sulfate concentration calculated near surface is not as conservative as inside concrete.
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FIGURE 4.37. Sulfur atom percentage along line 2.500 mm above water level at different
time period. Results come from Finite Element Model.

FIGURE 4.38. Compare on sulfur atom percentage between on-site exploration and FE
model to a 27-year old bridge at 500 mm above water level.
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4.8 Application Scopes and Limitations
The FE model is based on several important assumptions and simplicities, which
are:
1. Concrete pores are considered as connected pores that water can transport through
due to the acid attack.
2. Cement particles and surrounding sulfate ions reaction reactants are considered to
be unlimited.
3. Calcium is considered to be restricted within concrete instead of leaching out
under acid attack.
4. Sulfate accumulation due to Stage I drying is not considered because there is no
water level change considered in FE model.
5. Concrete bulk weight change is neglected in FE model.
The Finite Element Model built in this research is based on sorptivity sulfate
transport mechanism. It simplifies the sulfate penetration and reaction process as two
basic steps:
1. Water penetrating as carrier of sulfate ions;
2. Sulfate reaction happens locally without consideration of ion diffusion.
Sulfate reaction rate is based on accelerated test in low pH and high sulfate
environment. Therefore, it is necessary to verify targeted environmental condition before
applying this FE model. Because the transport of sulfate is carried by water migration
into and through concrete pores, water content becomes a very important aspect in the
calculation of sulfate reaction products concentration. Water level movement is not
covered in this model. Thus, a long-term and more stable environmental condition is the
best applicable scope of this FE model.
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4.9 Conclusion
A literature review has been firstly conducted to discuss different theories to
explain the mechanism underlying sulfate attack. Thereafter, sulfate reaction model using
is established using Richards equation based water penetration model and linear reaction
rate. By applying boundary conditions and governing equation, sulfate reaction process is
easily modeled using commercially available software, COMSOL Multiphysics®.
Multiple conditions and factors are discussed in this model, such as gravity, temperature,
sulfate concentration, and so on. FE model is approached by taking 3 steps as sulfate
attack to concrete under water level, short term penetration and long term penetration.
Model is validated with literatures and finally with in-service field bridge samples. The
result concludes that the sorption-reaction model successfully addresses the mechanism
of sulfate attack.
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5.1 Abstract
The empirical model to predict concrete crack is developed using field
exploration data and laboratory data. In order to quantitatively analyze concrete
deterioration level, an image processing program is designed using Matlab to process the
Scanning

Electron

Microscope

(SEM)

images

and

obtain

crack

percentage

(A crack /A surface ). Correlation analysis were implemented between related variable(s) and
concrete deterioration. Environmental sulfate concentration and bridge age were found to
be positively correlated, while environmental pH level was found to be negatively
correlated. Linear/non-linear regression analysis were accomplished to conclude the
relationships between variables. Besides environmental conditions, concrete property
factor was also considered in the equation and was derived from laboratory accelerated
expansion testing. The empirical equation was concluded and validated with field bridges
testing data. It is concluded that the equation could provide sufficient accuracy in
prediction of concrete crack development. Two examples were given to demonstrate the
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practical implementation of this equation in predicting new and existing concrete bridges’
condition.
KEY WORDS: SEM, image processing, correlation analysis, regression analysis,
crack, sulfate attack, service life.

5.2 Introduction
The research of sulfate attack in the past 25 years is mainly focus on evaluating
the expansion effect that sulfate attack result of. The reaction between sulfate and
hydrated cement particles results of ettringite, which causes significant expansion and
then results of cracks and spalling. And recently, the Scanning Electron Microscope
(SEM) has been more and more used to assess the sulfate attack process. However, there
is merely no quantitative evaluation method for existing bridges.
Introducing pozzolanic materials, such as fly ash, slag, and silica fume could
improve concrete workability, reduce concrete permeability and increase concrete
durability. Multiple researches indicates that introducing these materials helps increasing
concrete sulfate resistivity. But firstly, none of these researches have considered the
influence of acid and secondly, there is no good connection between the accelerated test
and practical application.
A good, easily applied model is needed that taking environmental conditions and
concrete properties into consideration. The service life models available are mostly based
on chloride diffusion model (4SIGHT, Life-365, and CIKS) and use chloride
concentration as indicator. ConcLife uses permeability as indicator but only applied to
concrete deck service life.
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5.3 Image Processing
The concrete specimen shown in Figure 5.1 was taken using SEM imaging by
backscattered electrons. The two materials, aggregate and hydrated cement, can now be
differentiated based on contrast. Elements of cement appear lighter than aggregate.
Aggregate appear lighter than cement. A total of fifty nine (59) images were collected at
magnification 100X during the research at different depths of tested field bridges.
In

order

to

evaluate

concrete

deterioration

level,

crack

percentage

(Acrack/Asurface) was obtained from those SEM images using Matlab program. Figure
5.2 illustrated the proceeded image by increasing crack-cement/aggregate contrast and
enhancing/preserving cracks’ details.
A few steps were proceeded to achieve this object. First of all, the image was
loaded in Matlab and converted into gray scaled image. After that, anisotropic diffusion
(Perona–Malik diffusion) was applied to the image to reduce image noise without
removing significant parts, such as the edge of aggregates and cracks. Median filter was
used to reduce single point noises. The cracks were thereafter enhanced using a specially
designed Matlab program. The image processing progress is demonstrated in Figure 5.3.
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FIGURE 5.1. Original concrete SEM image.

FIGURE 5.2. Crack enhenced concrete SEM image.
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FIGURE 5.3. Image processing methodologies.
All image processing filters were applied using Matlab. Crack enhancing program
was designed in this research to fulfill the purpose of locating micro-cracks and
increasing contract between cracks and nearby aggregate/cement elements. The algorism
is shown in Figure 5.4. Each original pixel (value 0~255) is firstly grouped with nearby
pixels. If standard deviation of this group is above 50, it is believed that there are cracks
among this group of pixels. If not, this area is the elements of cement or aggregate. The
value of the pixel is compared with median value of nearby pixels. If the pixel is darker
than most nearby pixels, it is believed that this pixel belongs to micro-cracks. Crack is
enhanced by decreasing its pixel value (darker).
Expansion induced cracks exist among cement elements and the interface between
cement and aggregates. Therefore, it is necessary to eliminate the influence of aggregates.
It is believed that the cracks are outliers of nearby elements. Before converting image to
binary image, it is blurred to eliminate cracks using mean values without considering
outliers. Figure 5.5 shows the algorism flowchart of the process.
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At the end, crack enhanced image is converted to binary format while eliminating
the elements of aggregates. Cracks (value 0) and surrounding elements (value 1) are
counted and crack percentage is reported at the end of the program.
The results is partially tabulated in Table 5-1 with related information of depth,
sulfur contents, environmental sulfate concentration, pH and so on.

FIGURE 5.4. Crack enhancement program algorithm flowchart.
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FIGURE 5.5. Aggregate identification program algorithm flowchart.

SEM
Image No.

Bridge No.

Crack
Percentage

Depth
(inch)

Sulfur
Percentage

Sulfate
(ppm)

pH

Age

Table 5-1 Results of crack percentage.

780088-1-1-2
780088-1-2-2
170067-1-0.5-1
170067-1-1-1
170067-1-4-2
720476-1-0.5-1

780088
780088
170067
170067
170067
720476

0.91443
2.0981
1.1533
2.6306
1.705
6.8414

1
2
0.5
1
4
0.5

0.79
0.53
0.18
0.19
0.2
1.25

220
220
1074
1074
1074
860

6.81
6.81
5.4
5.4
5.4
7.42

30
30
3
3
3
28
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720476-1-1.5-1
720476-3-3.5-1
740033-1-0.5-1
740033-1-0.5-2
490030-1-1.5-2
490030-1-2.5-1
490030-1-2.5-2
490030-4-2-1
490030-4-2-2
290045-1-1.5-2
290045-1-4-1
290045-2-3.5-1
290045-2-3.5-2

720476
720476
740033
740033
490090
490090
490090
490090
490090
290045
290045
290045
290045

4.2804
3.1675
4.235
4.9818
3.2423
2.6495
3.1316
1.5082
2.0058
0.91602
0.5049
1.3866
1.3173

1.5
3.5
0.5
0.5
1.5
2.5
2.5
2
2
1.5
4
3.5
3.5

0.63
0.65
0.51
0.51
0.47
0.56
0.56
0.52
0.52
0.25
0.2
0.24
0.24

860
860
750
750
552
552
552
552
552
10
10
10
10

7.42
7.42
7.39
7.39
6.85
6.85
6.85
6.85
6.85
4.23
4.23
4.23
4.23

28
28
20
20
26
26
26
26
26
35
35
35
35

5.4 Correlation Analysis
Concrete crack percentage is correlated with multiple variables, such as bridge
age (time), sample depth, penetrated sulfur contents, environmental condition (sulfate
concentration, pH), concrete properties, and so on. Therefore, it can be expressed as a
function of all possible variables as shown in Eq. 5.1. It is essential to perform a
correlation analysis to find out the most critical variables that correlated with concrete
deterioration.
𝝆𝝆𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝒇𝒇(𝒕𝒕, 𝒅𝒅, 𝝆𝝆𝒔𝒔 , 𝒑𝒑𝒑𝒑, 𝒄𝒄𝒔𝒔 , 𝒑𝒑𝒄𝒄 , … )

where ρ crack : crack percentage
t:

time

d:

depth

ρs:

penetrated sulfur contents

pH:

environmental pH level
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Eq. 5.1

cs:

environmental sulfate concentration

pc:

concrete properties

f():

function of all variables.

Correlation analysis is performed to the following variables, which is sulfur
percentage, environmental sulfate concentration, environmental pH level, bridge age, and
sample depth. The results of these correlation analysis are plotted in Figure 5.6 through
5.10. The correlation coefficients between crack percentage and these variables are found
to be 0.54, 0.08, 0.08, 0.22, and -0.37, respectively.
The results shows a strong positive correlation between crack percentage and
sulfur percentage regardless other variables. It is verified of the hypothesis that the microcracks shown in concrete SEM images are sulfate attack induced cracks. No direct
correlation is found between crack percentage and environmental conditions. It is of the
hypothesis that although external sulfate is the reason and sources of crack expansion,
other variables play great role in the formation of cracks, which results of numerous
noises in correlation analysis. Weak positive correlation is found between crack
percentage and bridge age. Weak negative correlation is found between crack percentage
and sample depth.
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FIGURE 5.6. Correlation between crack percentage and sulfur percentage.

FIGURE 5.7. Correlation between crack percentage and environmental sulfate
concentration.

FIGURE 5.8. Correlation between crack percentage and environmental pH level.
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FIGURE 5.9. Correlation between crack percentage and bridge age.

FIGURE 5.10. Correlation between crack percentage and sample depth.

Normalization is performed to eliminate the influence of environmental sulfate
concentration. Crack percentage is divided by environmental sulfate concentration of
each bridge to obtain the normalized value (Eq. 5.2).
𝝆𝝆𝟎𝟎𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 =

𝝆𝝆𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄
𝒄𝒄𝒔𝒔

where ρ0 crack : normalized crack percentage
ρ crack : crack percentage
cs:

environmental sulfate concentration
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Eq. 5.2

Correlation analysis is performed and plotted in Figure 5.11 and 5.12. Strong
negative correlation is found between normalized crack percentage and environmental pH
with correlation coefficient of -0.75. Strong positive correlation is found between
normalized crack percentage and bridge age (time) with correlation coefficient of 0.51.

FIGURE 5.11. Correlation between normalized crack percentage and environmental pH.

FIGURE 5.12. Correlation between normalized crack percentage and bridge age.

It is concluded from correlation analysis that the hypothesis expressed in Eq. 5.1
is verified. The variables, such as environmental conditions (sulfate concentration, pH),
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time, depth and sulfur contents, have significant correlation with concrete deterioration
(crack percentage).

5.5 Regression Analysis
Linear and non-linear regression analysis were performed to the variables. The
results are plotted in Figure 5.13 through 5.16. The equations are shown in Eq. 5.3
through 5.6.

FIGURE 5.13. Regression analysis of the relation between sulfur percentage and crack
percentage.
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FIGURE 5.14. Regression analysis of the relation between environmental pH level and
normalized crack percentage.

FIGURE 5.15. Regression analysis of the relation between bridge age and normalized
crack percentage.
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FIGURE 5.16. Correlation between crack percentage and sample depth.
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𝝆𝝆𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝟑𝟑. 𝟓𝟓𝝆𝝆𝒔𝒔 + 𝟏𝟏. 𝟎𝟎

Eq. 5.3

ρ crack : crack percentage (%)

where
ρs:

sulfur percentage (%)

𝝆𝝆𝟎𝟎𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝟏𝟏𝟏𝟏. 𝟒𝟒 𝒆𝒆−𝟎𝟎.𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖

Eq. 5.4

where ρ0 crack : normalized crack percentage
pH:

environmental pH level

𝝆𝝆𝟎𝟎𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝟎𝟎. 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝒕𝒕𝟐𝟐

Eq. 5.5

where ρ0 crack : normalized crack percentage
t:

time (year)

𝝆𝝆𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝟑𝟑 − 𝟏𝟏. 𝟗𝟗𝟗𝟗𝟗𝟗𝟗𝟗(𝒅𝒅)

where ρ crack : crack percentage
d:

depth (inch)
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Eq. 5.6

It is of our best interest to predict concrete deterioration degree for given time and
depth for given environmental conditions and concrete properties. Therefore, considering
all variables, Eq. 5.4 through 5.6 are derived to the function of correlation factors and
function of other variables as shown in Eq. 5.7 through 5.9, respectively.
𝝆𝝆𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝑪𝑪𝒑𝒑𝒑𝒑 𝒄𝒄𝒔𝒔 𝒉𝒉(𝒕𝒕, 𝒅𝒅, 𝒑𝒑𝒄𝒄 )
𝑪𝑪𝒑𝒑𝒑𝒑 = 𝟏𝟏𝟏𝟏. 𝟒𝟒𝒆𝒆−𝟎𝟎.𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖

Eq. 5.7

where ρ crack : crack percentage
C pH :

pH correlation factor

cs:

environmental sulfate concentration (ppm)

pH:

environmental pH level

h():

function of time, depth and concrete properties

𝝆𝝆𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝑪𝑪𝒕𝒕 𝒄𝒄𝒔𝒔 𝒊𝒊(𝒅𝒅, 𝒑𝒑𝒑𝒑, 𝒑𝒑𝒄𝒄 )
𝑪𝑪𝒕𝒕 = 𝟎𝟎. 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝒕𝒕𝟐𝟐

Eq. 5.8

where ρ crack : crack percentage
Ct:

time correlation factor

cs:

environmental sulfate concentration (ppm)

t:

time (year)

i():

function of depth, pH and concrete properties
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𝝆𝝆𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝑪𝑪𝒅𝒅 𝒋𝒋(𝒕𝒕, 𝒄𝒄𝒔𝒔 , 𝒑𝒑𝒑𝒑, 𝒑𝒑𝒄𝒄 )
𝑪𝑪𝒅𝒅 = 𝟑𝟑 − 𝟏𝟏. 𝟗𝟗𝟗𝟗𝟗𝟗𝟗𝟗(𝒅𝒅)

Eq. 5.9

where ρ crack : crack percentage
Cd:

depth correlation factor

d:

depth (inch)

j():

function

of

time,

environmental

sulfate

concentration, pH and concrete properties
Combining Eq. 5.7 through 5.9, it is derived that crack percentage equals to the multiply
of pH correlation factor, time correlation factor, depth correlation factor, sulfate
concentration, and function of concrete properties as shown in Eq. 5.10.
𝝆𝝆𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝑪𝑪𝒑𝒑𝒑𝒑 𝑪𝑪𝒕𝒕 𝑪𝑪𝒅𝒅 𝒄𝒄𝒔𝒔 𝒌𝒌(𝒑𝒑𝒄𝒄 )
𝑪𝑪𝒑𝒑𝒑𝒑 = 𝟏𝟏𝟏𝟏. 𝟒𝟒𝒆𝒆−𝟎𝟎.𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖
𝑪𝑪𝒕𝒕 = 𝟎𝟎. 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝒕𝒕𝟐𝟐

𝑪𝑪𝒅𝒅 = 𝟑𝟑 − 𝟏𝟏. 𝟗𝟗𝟗𝟗𝟗𝟗𝟗𝟗(𝒅𝒅)

where ρ crack : crack percentage
C pH :

pH correlation factor

Ct:

time correlation factor

Cd:

depth correlation factor

cs:

environmental sulfate concentration

pH:

environmental pH level
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Eq. 5.10

t:

time (year)

d:

depth (inch)

k():

function of concrete properties

Concrete properties play significant role in concrete external sulfate attack. Expansion is
found to be linear related with time. As shown in Eq. 5.11, expansion rate is expressed as
the multiply of concrete property factor and expansion rate of pure cement. It is to be
noted that the expansion rate calculated based on laboratory experiments of this research
is measured in sulfate concentration of 50,000 ppm and pH value of 3.48. Specimens are
in dimension of 1×1×4 cm. The results of the accelerated expansion test are plotted in
Figure 5.17 through 5.22.
𝜺𝜺𝒆𝒆𝒆𝒆𝒆𝒆 = 𝑬𝑬′𝑻𝑻

where ε exp :

𝑬𝑬′ = 𝑪𝑪𝒑𝒑𝒑𝒑 𝑬𝑬′𝟎𝟎

Eq. 5.11

expansion (%)

E’:

expansion rate (50000 ppm, pH: 3.48)

C pc :

concrete property factor

E’ 0 :

expansion

T:

time (day)

replacement)

132

rate

(no

pozzolanic

materials

FIGURE 5.17. Expansion of specimens with fly ash 10% and 25% replacements of
cement in magnesium (Mg+) sulfate solution.

FIGURE 5.18. Expansion of specimens with fly ash 10% and 25% replacements of
cement in sodium (Na+) sulfate solution.
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FIGURE 5.19. Expansion of specimens with silica fume 5%, 7% and 9% replacements of
cement in magnesium (Mg+) sulfate solution.

FIGURE 5.20. Expansion of specimens with silica fume 5%, 7% and 9% replacements of
cement in sodium (Na+) sulfate solution.
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FIGURE 5.21. Expansion of specimens with slag 30%, 50% and 70% replacements of
cement in magnesium (Mg+) sulfate solution.

FIGURE 5.22. Expansion of specimens with slag 30%, 50% and 70% replacements of
cement in sodium (Na+) sulfate solution.
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Linear regression analysis was applied to obtain expansion rate of the specimens
with different pozzolanic materials replacements in two types of sulfate solution. The
results are plotted in Figure 5.23 through 5.25 as expansion rate vs. replacement. 2nd
order polynomial regression analysis was performed to investigate the relationship
between expansion rate and pozzolanic material replacements. To be conservative, the
minimum value of the equation is limited by the smallest test value.

FIGURE 5.23. Expansion rate of specimens with fly ash replacements in sodium (Na+)
and magnesium (Mg+) sulfate solution.
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FIGURE 5.24. Expansion rate of specimens with silica fume replacements in sodium
(Na+) and magnesium (Mg+) sulfate solution.

FIGURE 5.25. Expansion rate of specimens with slag replacements in sodium (Na+) and
magnesium (Mg+) sulfate solution.
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Concrete property factor is expressed as a function of pozzolanic materials (fly ash, slag,
and silica fume) replacement, the value of which will be 1 in case of pure cement. The
equation is shown in Eq. 5.12. The results were calculated and tabulated in Table 5-2. It
is to be noted that the constants shown in the table is limited of the environments of
50000 ppm sulfate and 3.48 pH value.

𝑪𝑪𝒑𝒑𝒑𝒑 = 𝑪𝑪𝟏𝟏 𝝆𝝆𝟐𝟐 + 𝑪𝑪𝟐𝟐 𝝆𝝆 + 𝟏𝟏

where C 1 , C 2 :
ρ:

Eq. 5.12

constants

pozzolanic materials replacements (%)

Table 5-2 Expansion rate constants of pozzolanic materials in magnesium and sodium
sulfate solutions (50000 ppm, pH: 3.48).

The equation is converted to incorporate any given pH value and sulfate
concentration as shown in Eq. 5.13. The constants are converted and tabulate in Table 3.

𝜺𝜺𝒆𝒆𝒆𝒆𝒆𝒆 = �𝑬𝑬′𝟎𝟎 ×

𝟏𝟏𝟏𝟏.𝟒𝟒𝒆𝒆−𝟎𝟎.𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖

𝟏𝟏𝟏𝟏.𝟒𝟒𝒆𝒆−𝟎𝟎.𝟖𝟖𝟖𝟖×𝟑𝟑.𝟒𝟒𝟒𝟒𝟒𝟒

� (𝒕𝒕 × 𝟑𝟑𝟑𝟑𝟑𝟑) �𝒄𝒄𝒔𝒔 ×

𝜺𝜺𝒆𝒆𝒆𝒆𝒆𝒆 = (𝟏𝟏𝟏𝟏. 𝟒𝟒𝒆𝒆−𝟎𝟎.𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖 )𝑬𝑬𝟎𝟎 𝒕𝒕𝒄𝒄𝒔𝒔 𝑪𝑪𝒑𝒑𝒑𝒑
138

𝟏𝟏

� 𝑪𝑪𝒑𝒑𝒑𝒑

𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓

Eq. 5.13

where ε exp :

expansion (%)

E0:

expansion rate

C pc :

concrete property factor

pH:

environmental pH level

cs:

environmental sulfate concentration (ppm)

t:

time (year)

Table 5-3 Expansion rate constants of pozzolanic materials in magnesium and sodium
sulfate solutions.

With all variables incorporated, it is concluded in Eq. 5.14 that crack percentage
is a function of pH, time, concrete property, depth, and sulfate concentration. The Eq.
5.15 through 19 shows the way to calculate corresponding correlation factors. The
constants of Eq. 5.18 can be found in Table 5-3.
𝝆𝝆𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝑪𝑪𝟎𝟎 𝜺𝜺𝒆𝒆𝒆𝒆𝒆𝒆

𝝆𝝆𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝑪𝑪𝒑𝒑𝒑𝒑 𝑪𝑪𝒕𝒕 𝑪𝑪𝟎𝟎 𝑪𝑪𝒑𝒑𝒑𝒑 𝑪𝑪𝒅𝒅 𝑬𝑬𝟎𝟎 𝒄𝒄𝒔𝒔
𝑪𝑪𝒑𝒑𝒑𝒑 = 𝟏𝟏𝟏𝟏. 𝟒𝟒𝒆𝒆−𝟎𝟎.𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖
𝑪𝑪𝒕𝒕 = 𝟎𝟎. 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝒕𝒕𝟐𝟐
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Eq. 5.14
Eq. 5.15
Eq. 5.16

𝑪𝑪𝟎𝟎 = 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐

𝑪𝑪𝒑𝒑𝒑𝒑 = 𝑪𝑪𝟏𝟏 𝝆𝝆𝟐𝟐 + 𝑪𝑪𝟐𝟐 𝝆𝝆 + 𝟏𝟏
𝑪𝑪𝒅𝒅 = 𝟑𝟑 − 𝟏𝟏. 𝟗𝟗𝟗𝟗𝟗𝟗𝟗𝟗(𝒅𝒅)

Eq. 5.17
Eq. 5.18
Eq. 5.19

where ρ crack : crack percentage (%)
C pH :

pH correlation factor

Ct:

time correlation factor

C0:

constant

C pc :

concrete property factor

Cd:

depth correlation factor

E0:

expansion rate

cs:

environmental sulfate concentration (ppm)

pH:

environmental pH level

t:

time (year)

ρ:

pozzolanic materials replacement rate (%)

5.6 Model Validation
The empirical equation shown in Eq. 5.14 is validated with tested field bridges.
The results are plotted in Figure 5.26 as calculated vs. tested crack percentage. It provides
a sufficiently accurate results in predicting crack percentage.
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FIGURE 5.26. Correlation between the tested crack percentage and calculated crack
percentage.

5.7 Conclusion and Practical Implementation
It is concluded from the research that crack percentage is found be highly related
to concrete degradation level. Acid is found to have significantly effect in concrete
sulfate attack. Increasing sulfate concentration would result of increasing concrete
microcracks. Introducing pozzolanic materials could help reinforcing concrete sulfate
resistivity for excessive amount. The empirical equation is compared and validated with
field exploration data. Results show that the proposed equations compared well with field
test results with a maximum deviation of ± 20%. Two examples showing how to use the
proposed equations are shown below.
Ex. 1

FDOT is planning to build a new bridge in a location with environmental sulfate

(Na+) of 1200 ppm, pH value of 6.5. 24-inch driven piles will be used for this bridge.
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Two mix designs are considered: option 1. 10% fly ash concrete; option 2. 50% slag
concrete. FDOT would like to use this model to calculate crack percentage at depth of
rebar at the end of bridge service life.
The information of the proposed bridge is tabulated below:
Environment
Sulfate
Concentratio pH
type
n (ppm)
Option 1 Na
Option 2 Na

1200
1200

6.5
6.5

Concrete
Pozzolani Replaceme
c material nt
(%)
Fly Ash
10
Slag
50

Depth
(inch)

Time
(year)

3
3

75
75

Following the equations 5.14 through 5.19, factors for option 1 are calculated here.
𝐶𝐶𝑝𝑝𝑝𝑝 = 11.4𝑒𝑒 −0.89𝑝𝑝𝑝𝑝 = 0.0350
𝐶𝐶𝑡𝑡 = 0.000125𝑡𝑡 2 = 0.7031

𝐶𝐶𝑑𝑑 = 3 − 1.9 log(𝑑𝑑) = 2.093

𝐶𝐶𝑝𝑝𝑝𝑝 = 𝐶𝐶1 𝜌𝜌2 + 𝐶𝐶2 𝜌𝜌 + 1 = 0.3515 (C 1 = 0.002531 C 2 =-0.090159)
Factors for option 2 are calculated here.
𝐶𝐶𝑝𝑝𝑝𝑝 = 11.4𝑒𝑒 −0.89𝑝𝑝𝑝𝑝 = 0.0350
𝐶𝐶𝑡𝑡 = 0.000125𝑡𝑡 2 = 0.7031

𝐶𝐶𝑑𝑑 = 3 − 1.9 log(𝑑𝑑) = 2.093

𝐶𝐶𝑝𝑝𝑝𝑝 = 𝐶𝐶1 𝜌𝜌2 + 𝐶𝐶2 𝜌𝜌 + 1 = 0.0533 (C 1 = 0.000342 C 2 = -0.036034)
The factors for each option are tabulated here:
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C pH
Option 1 0.0350
Option 2 0.0350

Ct
0.7031
0.7031

Cd
2.093
2.093

C pc
0.3515
0.0533

E0
0.0005
0.0003

C0
2437
2437

ρ crack
24.76
2.661

𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐶𝐶𝑝𝑝𝑝𝑝 𝐶𝐶𝑡𝑡 𝐶𝐶0 𝐶𝐶𝑝𝑝𝑝𝑝 𝐶𝐶𝑑𝑑 𝐸𝐸0 𝑐𝑐𝑠𝑠 = 24.76 (option 1)
𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐶𝐶𝑝𝑝𝑝𝑝 𝐶𝐶𝑡𝑡 𝐶𝐶0 𝐶𝐶𝑝𝑝𝑝𝑝 𝐶𝐶𝑑𝑑 𝐸𝐸0 𝑐𝑐𝑠𝑠 = 2.661 (option 2)

Let’s say the threshold is concrete percentage reaching 5%
𝐶𝐶𝑡𝑡

𝑡𝑡 = �

0.000125

𝑡𝑡 = �
Ex. 2

𝐶𝐶𝑡𝑡

0.000125

𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

=�

0.000125𝐶𝐶𝑝𝑝𝑝𝑝 𝐶𝐶0 𝐶𝐶𝑝𝑝𝑝𝑝 𝐶𝐶𝑑𝑑 𝐸𝐸0 𝑐𝑐𝑠𝑠
𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

=�

0.000125𝐶𝐶𝑝𝑝𝑝𝑝 𝐶𝐶0 𝐶𝐶𝑝𝑝𝑝𝑝 𝐶𝐶𝑑𝑑 𝐸𝐸0 𝑐𝑐𝑠𝑠

= 34 (option 1)

= 103 (option 2)

FDOT is investigating an existing bridge (46 years) in a location with

environmental sulfate (Na+) of 800 ppm, pH value of 7.0. The bridge is supported by 18
inch driven piles. A total of two (2) cores are sampled and six (6) SEM images are taken
at depth of 1, 2, and 3 in. Crack percentages of each image are tabulated below. FDOT
would like to use this model to evaluate if it is need to replace the foundation before the
end of its service life. It is noted that the mix design of this foundation is unknown.
Sample No.

Depth (inch)

XX-1-1
XX-1-2
XX-2-1
XX-2-2
XX-3-1
XX-3-2

1
1
2
2
3
3

Crack
(%)
3.52
3.43
2.95
2.76
2.30
1.98

percentage

In order to solve this problem, concrete property factor and expansion rate are
firstly needed to be calculated. The information of test samples is tabulated below:
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Sample No.

Sulfate Concentration pH
type
(ppm)

Depth
(inch)

Time
(year)

XX-1-1
XX-1-2
XX-2-1
XX-2-2
XX-3-1
XX-3-2

Na+
Na+
Na+
Na+
Na+
Na+

1
1
2
2
3
3

46
46
46
46
46
46

800
800
800
800
800
800

7.0
7.0
7.0
7.0
7.0
7.0

Crack
percentage
(%)
3.52
3.43
2.95
2.76
2.30
1.98

Expansion rate and concrete property factor is calculated using the given environmental
condition and tested crack percentage. The results are tabulated below:
𝐶𝐶𝑝𝑝𝑝𝑝 = 11.4𝑒𝑒 −0.89𝑝𝑝𝑝𝑝 = 0.02245
𝐶𝐶𝑡𝑡 = 0.000125𝑡𝑡 2 = 0.2645

𝐶𝐶𝑑𝑑 = 3 − 1.9 log(𝑑𝑑) = 3; 2.428; 2.093 (depth of 1, 2, 3 in.)
𝐶𝐶𝑝𝑝𝑝𝑝 𝐸𝐸0 =

𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐶𝐶𝑝𝑝𝑝𝑝 𝐶𝐶𝑡𝑡 𝐶𝐶0 𝐶𝐶𝑝𝑝𝑝𝑝 𝐶𝐶𝑑𝑑 𝑐𝑐𝑠𝑠

The results are tabulated here:
Sample No.
XXXXXXX-1-1
XXXXXXX-1-2
XXXXXXX-2-1
XXXXXXX-2-2
XXXXXXX-3-1
XXXXXXX-3-2

C pH
0.02245
0.02245
0.02245
0.02245
0.02245
0.02245

Ct
0.2645
0.2645
0.2645
0.2645
0.2645
0.2645

Cd
3.000
3.000
2.428
2.428
2.093
2.093

ρ crack
3.52
3.43
2.95
2.76
2.30
1.98

C0
2437
2437
2437
2437
2437
2437
Mean
Standard Deviation

C pcE0
0.000101
0.000099
0.000105
0.000098
0.000095
0.000082
0.000098
0.000008

Crack percentage of the inspected bridge at the end of service life (75 years) are
calculated and tabulated in the following table.
𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐶𝐶𝑝𝑝𝑝𝑝 𝐶𝐶𝑡𝑡 𝐶𝐶0 𝐶𝐶𝑝𝑝𝑝𝑝 𝐶𝐶𝑑𝑑 𝐸𝐸0 𝑐𝑐𝑠𝑠 = 6.33
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C pH
0.02245

Ct
0.7031

Cd
2.093

C pc E 0
0.000098

C0
2437

ρ crack (mean) ρ crack (max) ρ crack (min)
6.33
6.85
5.81

Let’s say the threshold is concrete percentage reaching 5%

𝑡𝑡 = �

𝐶𝐶𝑡𝑡

0.000125

𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

=�

0.000125𝐶𝐶𝑝𝑝𝑝𝑝 𝐶𝐶0 𝐶𝐶𝑝𝑝𝑝𝑝 𝐶𝐶𝑑𝑑 𝐸𝐸0 𝑐𝑐𝑠𝑠

= 67
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CHAPTER VI
SUMMARY AND CONCLUSIONS
6.1 Summary
6.1.1

Use of SEM and EDS in concrete inspection
SEM with EDS analysis is used in this research and proved to be a very powerful

and accurate method in terms of evaluates sulfate penetration and formation of micro
cracks. SEM can provide up to thousands times of magnification images that contain rich
microstructure information. In this research, 100 times and 200 times magnification SEM
images are mostly used. Microcracks can be easily seen and counted on those images.
Formation of ettringite can be easily found on 1000 times magnification SEM images.
Sulfate penetration is evaluated using EDS analysis which can provide element
atom or weight percentage for certain area or some point. It’s accurate enough to analysis
the formation of ettringite or other sulfate reaction products by analyzing sulfur content.
It is found that the concrete in sulfate and low pH environment can result of sulfate
accumulating deep inside concrete instead of just on surface.
With analysis of both SEM images and EDS sulfur content, it is found that
microcrack width and sulfur content is positive correlated.
6.1.2

Use of cementitious material to resist sulfate attack
Among fly ash, slag, metakaolin, and silica fume, it is found that slag is the best

cementitious material in term of resisting sulfate penetration and attack in sulfate and low
pH environmental condition. The expansion amount of HPC with 70% slag is only about
20% of HPC with 10% fly ash during test period and much less than ordinary concrete.
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6.1.3

Finite element approach in modeling sulfate attack
Sulfate reaction model using Finite Element Modeling is created using Richards

equation based water penetration model and linear reaction rate. Sulfate reaction process
is simplified as steps of water penetration, sulfate reaction and accumulation. Multiple
conditions and factors are discussed in this model, such as gravity, temperature, sulfate
concentration, and so on. FE model is approached by taking 3 steps as sulfate attack to
concrete under water level, short term penetration and long term penetration. Model is
validated with literatures and finally with in-service field bridge samples.
6.1.4

Empirical modeling of concrete microcrack development
The empirical model to predict concrete microcrack development is developed

using field exploration and laboratory test data. The environmental conditions and
concrete properties are found to be highly correlated to concrete microcrack development.
The empirical equations was conducted and validated with field bridges testing data.
Results show that the proposed equations compared well with field test results with a
maximum deviation of ± 20%.

6.2 Conclusions
Unlike chloride attack, sulfate attack could result of the formation of gypsum or
ettringite that resulted in cracking to form in concrete. As such, existing diffusion or
sorption model for calculating concrete service cannot be used. New model based on
cracking should be used. As described in Chapter I, the goal of this research was to
determine the performance and service life of high-performance concrete (HPC) in
sulfate and low pH environment. To reach this goal, the primary research objective was
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to test the hypothesis that microcracks in HPC exposed to sulfate and low pH
environment can be directly used to predict the ingress of external chemical dissolved in
the aqueous solution that is in contact with the concrete.
The research approaches were 1) to evaluate the performance of HPC in these
environments using accelerated laboratory testing, and 2) to evaluate the actual concrete
structures performance using field cores. The accelerated laboratory testing
(methodologies and results shown in Chapter III) was used to determine the effect of
cementitious materials supplement such as fly ash, slag, and silica fume on expansion
when exposed to sulfate and low pH environment. This data was used to develop a
decision tool to help engineer select appropriate concrete mixture based on the structure
exposure level. The field test (methods and findings described in Chapter II) was used to
derive a relationship between microcracks in concrete and the ingress of external
chemicals.
Based on the experimental and field tests, new equations were proposed based on
regression analysis (regression process provided in Chapter V) to predict the crack
percentage in concrete exposed to different sulfate and low pH environment. The crack
percentage could be further use to establish a threshold that can be set by bridge owners.
Results show that the proposed equations compared well with field test results with a
maximum deviation of ± 20%.
In conclusion, the proposed approach of relating microcracks to deterioration is a
better method than existing diffusion and sorption models since sulfate attack cause
cracking in concrete. Imaging technique provided in this study can also be used to
quantitatively analyze concrete samples.
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